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DIGEST

This documcnt reviews recent work accomplished toward the development

of an undcrstanding of the processes involvr.r.. in pyrotechnic dissemina--

tion. An initial literature survey show! that nany impnrtari phenomriea

had never been investigated in previous studies on pyrotechnics Wnd mode•

,including the temperature profile throuugh the combustion wave,

tooffects of operat ion at pressures other than ambient and thu effects

of both chemical formulation and physical processing parameters on thaý

outpot efficiency of pyrotechnics.

The experiments which were performed to invostipate these areas

:neludod adiabatic self-heat ino (AS•) measurements, dcifferential thermal

o naiyý:s (1W(DTA) measurements, burning rate mincure1 eni:s as a functioL of

pressure, temperature profile measurements in the combustion zone, and

agent yield measurements utilizing a total recovery technique. A con-

current effort was made to develop a useful computet program which could

prodict the effects of formulation changes.

i.,c ASH experiments defined the activation energy of a typical

pyrtoech-nic and of binary mixtures of its ingredients and showed thhat a

burnirg-rate derived activation energy is necessarily unreliable because

ol its dependence on the physical process of heat transfer. M. e DT

.,-....as.rerments defined the endotherms and exotherims to be expected as a

function of temperature and were demonstrated to be a useful tool for

y . -cening out experimental mixes which have an exothevm at a dangerously

low temperature. Burning rate studies indicated that pyrotechnics have

a bu&'ning rate law which resembles that of solid rockets, Tempnerature

profile measurements indicated that there is a significant preheat zone

MYes" of the combustion wave and that the cher bad remaining after pas-.

soloo of the wave can significantly influence agent decomposition. Agent

l .mar'urements demonstrated that lanrger pyrotechnics were more effec,-

Me onarl•,ol ones and that the dissemination efflcien.cy can ho

........ w'ith the agent residence time.
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I INTRCODUC7 AND BACKGROUND

The purpose of this document is to review the work accomplished

under Contract DA 18-035-AMC-122(A) in the field of thermal and pyro-

technic aeroeol production processes. The studies were instituted in

April 1964 and terminated in May 1967. Goals of this work were

to develop an 1,nderstanding of the processes involved in pyrotechnic

dissemination and to pursue in necessary depth those approaches offering

the highest probability of extending the state of the art and providing

maximum usefulness of these techniques.

At the start of the program a literature search was made to deter-

mine the problem areas which exist in the pyrotechnic field. Since

the pyrotechnic dissemination of dyes and smoke additives parallels

the dissemination of agents this work was also included in the survey.

The work reviewed showed that in the generation of smoke or agent

aerosols by pyrotechnic means, nearly all methods utilized a potassium

chlorate (KClO) based pyrotechnic. Exceptions were exotic experimental

mixes such as compositions containing "Pyrofuse" and novel experimental

castable compositions. (The Pyrofuse reaction utilizes the heat of

alloying of aluminum with palladium. Manv other oxi.dizers hiave been

evaluated in the past but all have been abpndoned, usually because of

the excessive flame temperature produced. Some t'ore recent work has

investigated a wider range of oxidizers and fuels than those commonly

considered. Many attempts were made by these investigators and others

to use different •rganic and inorganic oxidizers, but none were completely

successful. Potasaium chlorate still appears to be the most useful

oxidizer for all smoke or agent aerosol-producing pyrotechnics because

of its ease of ignition, its smooth burning, ant its ability to maintain

combustion at low temperatures and pressures.

Sugar, lactose, and other similar materials which oxidize easily

%Z low temperatures are normally used as fuels. Sulfur is used pre-

domiuently in smoke-producing compositions. Its main drawback is thq.

11



question of its shock sensitivity in combination with 1CC103; several ac-

cidents have been reported which have been attributed to the sulfur-ICIOZ

combination. Nitrocellul'se (NC), often used as a binder, functicnýý as a

combination fuel-oxidizer. Carbonates, bicarbonates, kaolin, and other

toolants are added to absorb heat and to provide a uniform flame tempera-

ture and a suitable atmosphere for evaporation of agent. These compounds

tend to detract from the overall effectiveness of pyrotechnic systems and

are particularly undesirable for castable systems sirce the fine particle

size of the coolants makes casting difficult.

The incurroration of burning rate catalysts has not been particularly

rewarding in the pyrotechnic field. Incorporation of a palladium catalyst'

allowed 64 percent of methylaminoanthraquinone 01A") to be disseminated

without degradation when KC1O 3 was used as an oxidixer and the temperatures

were reported to be very low. The cost of the palladium catalyst limits

the use of such a system to the laboratory since relatively large quanti-

ties must be used to maintain combustion. Unreported confirmatory tests

at Edge'iood Arsenal showed considerable amounts of dye were no'. dissemi-

nated and the experimental munition tended to flame and exhibited other

undesirable characteristics.

It appears that, in general, future gains in pyrotechnic performance

will depend on the formulation of castable compositions which can be more

unifý'.mly processed and which will allow improved loading densities of dis-

semir.ant. (Tae work of Resin Research Laboratories in the c dlopment of

thio-syrups for use as pyrotechnic binders appears promising ) Addi-

tional work to develop low cost burning rate catalysts would also be useful.

Increased burning rates obtained without the penalty of an increased flame

temperature would decrease the residence time of agent in the hot combustion

zone and thus decrease its degradation. Finally, the most efficient use of

e isting pyrotechnics requires a better definition of weapon design parameters

in order to optimize both delivery and area cove-'age.

The other major dissemination technique which has been historically

investigated 3s termed hot gas dissemination. In this method the

disseminant is not mixed in the fuel-oxidizer matrix as it is in a

pyrotechnic, but instead it is vaporized by the hot combustion products

envvnstream of the flame zone.4-1 Gas generators comonly employed

12



' .. t. .. -st for boh laboratory and development 2tul• 1:Sc .... i "C '

o ad air, sodium chlorate and gilso;ite, and a=;on:L-um nitra'te

an- aubbr,1 a5 combustible cchbinations. The nor fzmulant to

b! d!isperaed was injected into a low velocity region where the material

>-wu con"aý,rted to an aerosol principally by thermal ene,. T he procet,

of thermal vaporization with subsequent conden3ation produces aerosols

'Tith volume-to-surface mean particle diameters (D ) usually smaller
0

than. 10 microns.

Tbýo propane and air furnace has been used extensiveol for the

generation of a hot gas under controlled conditions. This allo;;s the

parametric study of the effects of important variables such as environ-

mentzl temperature and gas velocity on both the yield and the particle

size distribution obtained from hot gas atomizetion. An important:

result is that aerodynamic forces contribute s!gnificantly to particle

breakup when the gas velocity is sufficiently high so that both thermal

and kinetic energy must be considered. Significant progress has been

made in defining many of the important variables. 4 7 However, it was

found that the description of particle size distributions in the gen-

ezated aerosol required a separate equation for each injectant under

each set of experimental conditions. A true urdýrstanding of the pro-

cesses involved, which could result in a universal corr'elation of

data, still eludes the investigators. Interestinl!y enough, nBany ,tds

whie:h have been made on similar problems concerned with propellant

vaporizationSig and the breakup of liquid jets in high velocity gas

st,0ae-Z!-° do not appear to have been properly ex:ploited by workers

in -his field.

TIe principal variable which must be controlled in an'- di,3uemina.tion

techniqpe s the environmental temperature to which the dt!lseminant

is exposed because bligh temperatures will produce excessive de.7.radation.

Thc princinal advantage of hot gas dissemination is that it o~fers the

rFz rib lity of a nearly inexhaustible range of Lgs compositions from

... spectrum of solid propellants which hbve been developed for

':f.:5on nrpozcs. In addition, any desired temperature is available



1-i. th e.. it cone of a nozzle where the temperature is strong functi

cl. nren ra!tio. Homever, a cozplicating factor is that the nature of

th-Ž carrier gas can influence the decomposition iate of the .•ont

being dispensed. Additionally, solid particles of metallic chloride

in the exhaust gas formed by the combustion of potassium chlorate or

sodium chlorate are suspected of providing nucleation surfaces for

condensing liquids, thereby affecting the particle size distribution.

Obviously, the utilization of hot gas atomization has many frontiers

to be exDlored; Stanford Research Institute work in this promising

area is reviewed below.

In general, the hot gas dissemination technique provides a method

for ejecting either liquids or fluidized solids with a minimum of de-

gradation. Two modes of particle size are possible--one of which !'Ls

belo" 10 microns and is produced by evaporation and subsequent recon-

densation, and ,ne of which lies above 10 microns and Is produced by

aerodynamic breaktp of larger injected particles. A controlled atmos-

phere during dissemination is possible with selection of mass flow,

composition, and temperature being available. In addition, the flashing

(rapid combustion) of sensitive agents may be eliminated by flow con-

trol of components. Further work should be done in this areea to ex-

plore possible applications of secondary injection devices.

As reported above, work done by other investigators has primarily

been concerned with injection of the agent or simulant into a high

temperature, relatively low kinetic energy gas stream at 7ýach 1 or

less. In contrast, studies here at the Institute have considered in-

jection cf che disseminant into a gas stream which has been expanded

to velocities on the order of five times the speed of sound. Since

the gases are cooled upon expansion, the envirunmental temperature to

which the agent is exposed can be controlled, and in addition the

aerosol can be diachanged with significant kinetic energy toward a

chosen target.

Th•e technique developed at Stanford Research Institute utilize-

S::c~krt motor with an integral tank which is pressurized by the chamber

14



gases. The tank is filled with the fluid material to be aerosolized.

Fluid is forced from the chamber into the gas stream which has been

expanded through a DB Laval nozzle. Nominal conditions which have

been studied are 1000 psia in the fluid chamber and 25 psia at the

injection point in the gas stream where the gas itreem has a velocity

correcponding to approximately Mach 5 with a temperature of approximately

12000 F. The injected fluid stream is directed at right angles into

the gas stream resulting in a complex system of shocks accompanied by

a very turbulent mixing region both in the nozzle and in the area

immediately behind the nozzle. Mixing in the plume is enhanced by

the ingestion of large amounts of air into the generated plume.

The experimental studies performed using the rocket motor

dissemination technique have been reporter! in Special Technical Report

No. 4 entitled, Secondary Injection of C*!, Agents into a Supersonic

Rocket Exhaust. This work was conclude,! with the firing of three test

units containing agent CS. A summary of the data from these tests

is presented in Table I.

15
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}1 'lmO A~PP•%Cr FOT•CUi:,.• SYOUiES

The cubrrent effort has been directed toward an unerrtadýing of

the bohnavor of heterogeneous pressed systems which are in connon

Urc (the exact formolations studied were selected from, those recom-

rended by EdCewond Arsenal). If a satisfactory castable composition

were available, zany of the existing pyrotechnic problems wo".d be

eliminJnated. However, our investigation was limited to p..e. •d

Th e iteroture survey discunsed above indicated that much of the

basic data needed for orderly weapon design and forimulation development

we'•e mesing from studies perforned earlier on existing pyr'otechnics

ate. note! ompounds rThe most iortant unx poins

1. The true yield of existing pyrotechnics; i.e., the

percentnge of agent which survives the combustion

process. Values have been obtained which vary from

very low yields to yields in excess of 106 percent.

2. Ti;e truc flame tem.perature of the pyrotechnic and the

temperature profile in the combustion wave.

3. Information on the true operating pressure of pyro

technics and the effects of operation at pressures

other than a-blent. The effects of pressure on burning

rate asd residence tine appeared to need .se.s.ent.

4. Definition of the effects of physicf .proess•ng.

parameters on the efficiency and burning rates oi

pyrstechnie rn xcn.. The relationship of forsmoltion

to yield, by•::-rduct fora.ntion, and func.tional re-

liability vo-s in nced of clarificztio-.

5. '7qe ro.e of coolrnt. in tIhe different formulations.



Yn cad~r t g~n addiion .ln.tht intopyoehi rnga

of r.neoolitisneocar t otan bcte 1;.ipo iof tio

roasgnid that a broad spctrum of epimnswas ncoodetoavn.

~trin.In paticular, acan~'ful waqs bolance o h

pyrtconicprcncswas needed to Wlrify tho rOle of thý vn:-'ý"ovs

inraents and de composition products of the asro~o! and residlue.

alic follow~ing eperim~ental program was outl.ined to provide the rneecary

ioniit io. Cur program was directed tow.ard1 basic mnasurarants

Yhich oad not bz-on mcde previously.

Adliab7atic sol-hoating (AFI~) wnr msr~nsverads to provide

vr3.uez of the activation 'eeg.Differential thermal analysis (DIA)

m:nan'urccrcnt: were mode on various pyrotechnic components to provide

data on molt~ing points, phase changes, and roaction tcnmparaturcs.

A tec r'aiqii for obtaining burning rate measurements under prcssurn was

developf7dl fr- pyrotechnics, and burning rates were evalua~ted forl t1wo1

cc-ý7iTor fo imilations as a function of pressure. Thcrmazl: conductivity

MnR9VVWnt5 1were ivedo for connnon ingredients incorpoyated into pyro--

technico. Vapor pre-'s~u.-rc Ls a function of temperature, was deter-mined.

f op mn-thylvmrinoanthraquiunon', (MVA) , a red dye often ursed as a Simulant

fcor argent (S~.

Toemprature profile studies of the combustion zonc were designed

to yield knfoymntion on the thickness and temperature distribution of

thc zone, Agent yield mn asurotrentr were rnu~d utilizing a total ra-'

covary techn ique, The temperature profile and agant yield Maasunycnts

usi-ng be'n7rl and. pý-:ot ogzaph ic toechnique s were Made in pyrotechnic

Mr~nror to duplicante actual conditions.

LreVtly, an effort won Wae to de'velop USAf l computeT tnnhWnicues

UMMng tho inforxatln MhAWne on the phycical and chemiceal peop-

o -4. P-rosh ic ngriednts. Port-ions of the zex~rizonial reauJlto

Vv~n MQUA in the preogran.cInput inforont ion to limit certain parai-

ofoy W the comnutation an'd to przvent caselote hnca3 MA uilibriunk



In order to develop an understanding of the factoro invclvod in the

c-oi~tio3.of pyrotechnitc and propellant conmositioa, it is appropriate

to extritne the model depicted in Fig. 1 which represents the key

processes.

GAS-PHIASE REC 7O ýMESRFC REACTVo2 70,NE
(VERY THIN1)

/S K OID PHASE170

mICA' CM/AR SJD

7N'

~ Eo~irw COMrF~fD-PNASE REACTIONS
PTD EfmPTHVZRM'Ic AC-EL:T, BErDER, OP Or,1D!7ER~
PY2flLYSIS flfl PHASE CHANRES OCCURI T11CTE
PSSHEA ZX>2 URETR THE TEMAPERATU5E NiOFHLE

TA- ASCOO 735

HG. I PRF,0,*ILE OF CO2SiVZON~E

in steady-'state combustion an invariant temperature profile is

e~stebishel across the comb istiorn zone; the limits of thiJs profi~le arc

Fh -A nir unbon 1 e +nnr'-fn~flr of t1o pyrotechnic rwdo" (Ta) at the

I(c2it ccumdery andi tha loca:l fill-e tereeraturce at thco uppo~r boun'rxdF7,y

(11. Erten" r~y ic trans frred from the fn~. to the condensed phahe

Y" a ric navnm&~~C Wpr>'mi 3 by the temperatur e gradcienct bo:<weer the

:ý'Vvc ni UP Curan of ton condnse Ihe tr.. -a



in thc condensed phnse is controi .:d in a similar • . ner, the exact

te...rature pTofile shape is mo-::ied by the thermal diffusivity of the

medium: concerned and is, o! course, affected by the location of exo--

th.rm,.c and endother",<- reactions occurring in the gaseous and co..e..

pba•s•. It is ,;.s apparent that the actual yc mcael is

rather ca-oN. ; oWavhoy'.cer, certain well-defined dc(:•etions can be made

about , ;:o dependence of the burning rate on the initial powder tempera-

tLa a: •d 2 nrature of bulk reactions that may occur at elsuva ed tem-

,:a..atures (thermal explosion or autoignition reactions).

In composite propellant combustion it is recognized that the

tempeerature dependence of the burning rate is related to the change in

flasime temperature which is caused by the ambient enthalpy variation, to

the associated change in the surface temperature, and to the concomitant

effect ot the overall reaction rate, which was assumed to obey an

Arrhenius-type express. ion (k = Ae-Ea/RT). In this regard it should be

noted that the combustion of pyrotechnic mixes is very complex compared

with the simple reactions ordinarily described by the Arrhenius equation.

The values obtained are therefore not equivalent to those ordinarily

derived in kinetic studies; however, limited anaiogies can be made. It

is quite obvious that the appropriate temperature to use in an Arrhenius-

type relationship is somewhat arbitrary, since the kinetically controlling,

reaction must occur in a zone where the temperature is somewhere between

the flame temperature and the initial powder temperature. Attempts to

ident~fy the critical temperature can be made using differential thermal

analysis (DTA) and adiabatic self-heating (ASH-) technioucs. These experi-

rents su•epst that for a sulfur-KCiO. mix exothermic defiagration occurs

at about 1170 C (see table I1, page 23);this could fix a lower bound fo, a

critical surface or subsurface reaction temperature. The very low reaction

topeorsture is due to the low" heating rate.

cý"n..nt data on pyrotechnic burnn, rates at rangeos of elevatdc

..- ,a turac. obtained by Edg'ewaed Arsenal, and the WyIny rate-p.e.surc

r., f;.0 h .,. found as yn . of 01,th' present QtUdy, Sho-' that cop..site pyroe

Vii b in P ... .sr m,,n.er tocop;ositc rock prom- lante., Thr.

tr.oforc: ptcuad hcti.,o e, energy" obt:aincd froa



t~; tc>. ~~t; nc s,77itlVitY of~th bunflin.7 rate, as 'e V '::'.ed

~r' .1)is relnted pmrl to the drq:zn~ncn of hrrat -)I~. otE,

~ r~t a snlid svrfrsee or In a rnoltcd Zone) 'hle.:vpalve foxz th~e

b~'~ ae-.delvd"acti-vation enerry" ap-ýeý-rc to be, ad (ntely ez--

plalrecnd by the terparatture dep-,nndence o:Z a physi~cal proccess-that ofhea

t r L, or. It coeu3. --- ,p, be oernlalneld by a hetcrogaenneeýýs c~a

P)." as -: Is '!e-r thoŽ -aalor-o,,s b-nhavior of moo~t elouzble-bn-se powd-ers,

conpo~s I te po'dcro, and pyrotccehaics s orgests that a physical rathfer than

P. chcnq.cal expolanation Js correct. Th-us, one cannot directly co-mpnre

Ithe. pseuLdo activation energy obtained' fromn burnirng rate mreasurements with

tlhe value obtained from, the AS51 rleasuirenentvs discussed b-low.

A. Adiabatic Self~-Heating (ASH-) Experiments

Tho ASH- teclinicue is extremely useful for obtaininCg the overall

eactivation energy of a complex combustion process. The present wiorlk vnas

b,-sed upon an approa~ch simila~r to that described by Gross, and Amst ~er.1

Thei pressed pyrotechnic sample to he examiinedI is set in the well of a

sril alumninumn cylinder which is wrapped with a Nichrome heater. The,

s.peis 'then he-ated to the temperature at which self-heating begins.

p ~T1he rising temperature of the sample is followied precisely by the tr-

peraturn of the highly conductive aluminum block. The a-.diabatic control

is acoeihdby the apparatus shown in Fig. 2. Thermocouples located

ontesrsl etr and at the wiall of the wnll neasure any temipera-ture

difference between sample and environment. The differential voltage from

the thernr,,,ocoup~o pair is. fed il~to a temperatulre controlj systema consi.Sri,.n_-

o'f. tie. followiný,: (1) Leeds and N~orthrup DC Null Detectlor, (2) Leeds and

Nt~~Scries 60 current-a d.ust inE- type control, and (S) ma,ýgneti amYi

f ie:. The iaýae-nctic viiplifier delivers pover to the control heater to

it.nadJ.ab,ýtic concititions as the sample temperature rie.For each

s nr,~ I e Plot of the lo,-arithr:1 of the rate of tenmerature rise (60-/Piin)

vru the invers-7e ter-,,erature (0 K)- is prepared. The activation e;inergy

e~k~ exlela Xnr Lnth- sloee:) of this plot, Tr -E /ll. IThe14

~ --sex le-ko:( . i th ntcexees-t ofC the c-urve wi~th thc I/T axis,.
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FIG. 2 ADIABATIC SELF HEATING APPARATUS

Table 11 presents dacta obtained by using the ASH technique on

typicn.1 pyrotechnics and binary mixtures of component ingredients. it

can be seen that very high values for the activation en yEli arc

obtained for the complex pyrotechnic mixture, while the binary mixtures

of nalu~fr ead 3MAA with KClO, give smaller values for Ea. It should also

be noted that the binary mixtures deflagrated at different tornperatures.

The data in Table II show that while the activaticn energy for both

tho WcoN mi~xtures of sulfur and MIfA with oxidizer are the same, the

compn rative reaction rates (as measurecO by the frequency factor, A)

diir by several orders of magnitude. These data are highly significant,

sincc thcy give us a method of comparing the relative oxidative etub:Llity

of. t.c a~'cuti aW fuel components in the burning pyrotechnic mix. A way

C, 21
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t, nc 7iheýý

tli ed hun and vvoh ý,whch anp r ar, a 07 .

o :t'uo-f compoiirds is refleccn: but chc--I~cl rrm.rc`J0

c~r~i ~ciccJ.ec~trc stucb a.S moltin- points, phrxe chang'es, ad rca

shifts. 1 hu t Yiý,vrpratuý- employ s tw~o accurately vmtched th orcouplec hc

0.0lrut.:ucally virzrd to psrovido thu i rnta emlf as thuý outIIpMt.

Ths~~-cIirs then amPlified and reco.rdcd Ps 0 funict).On o4f sa!m"le, tenr-

11 ':t,..r CL One theirnocouple is placed in each of tv,- kin mple hiolders, Gnu7,

ofWhirc.h contains 5 mg Of the material to be evaluated and the other of

v,`IcIh contcins 5 imc of aluminumi oxide (AI 2,0). Eutk saemple holde3*zersar

*plbzuucd in as electrically heated mpetal block. Th. temperature of the

Y,~c ss tarisd at a uni r o CC.Ao form rate om 10Csi hile tle differntirz]

*tuc-)ý)~rature Of t.1-1 Samples is recorded. Initin.lly' souc problciz viac

creucidue, %.o convective air curreents cooling the hesating blockI..

rku allevdiate th-is prhesthe- entiye blocl: was covered by a small bell

J~ar (I~igý ~D A picture of the complete DTh apparatus, includingU rate

connzroller znzid X--Y plotter is shown in Fig. 3(b).

A~ series of DIA exper'iments have been perfo-rmcd wt.con, on inalred-i-

ents used in pyrotechnics. The DTA trace for IMJl0 3 (F'ig. 4) indicates a.

moltinrg pnd.nt of 365 0C in agreement with thiŽ litcratuae,- vvhich reports

*vo.ulucs frovu 3.55 to 3'Cý C. The exotherm is thovii71t to be due t~o thke

dCaMMuoSition Of M17Cl5_ which is, reported to occt-ir between 470 a 58,00C

e>'Jepurity of the sampyle. The referencdPidae

* th.; ~5iti~flof RMIOA, should be endother-mic. Theeotrm rcz

tio-Ln in reported to bz due to crystallization of the by.-products of

~c~c~csi 7,11 TeSecond{ eotherm is postula~ted to Te tbe resul~t Of

~-& ~ ... skev*u. ndrcu.tat cclrzation cf oNYgen ganeration.

~ ~co(v tr i (rl. 5) is p~zrtdto sholr: the effects Of

* za~:~ lie coz,,pounCs the deconuoiino -O, hs ornd

v 7:''f:'~ C-cfr ki'UT&5i-rio rbte ca~tolysts with." little 1,ces QStouh l

v~ith jcrusie ~tiA~ ce. _. ý e e

V~C cccctin L..en rates eudci-

a'cj 's ~c ; ~ ~ e ~ ~ t
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100 tOOVC, 400 0

FHG. 4 DTA TRA;CE FOR, KC10 3

modifiers has been demonstrated on solid rockzet propellant systemns w-i-th

suceceors, and any serious buarning rate studiols for pyrotechnics Should.
inoitte147 scrcee~aing of possible catalysts.

Ficure 6 is a DTA of t'he CS pyrotdchnte mixture concaining 06

CS,25.% 121% r' N0 116%kaolin, 19.47 lactose, Th melting point

of the CO is indicated by the first endotlwrm. Autoignitio~n o-f the svm-

Ple is indicatod at approximately 2100Th with sfh tig tate:at

* v.T -Jr -.,(-eIy IS0IOC. Each of the major Din'redients- vvere ruenxtvdQl

redIs rjr~nvtio. Lctoe, igA-I (see Appendix), is seen to.aea
* emlothorm at 1173,0C rr-fd another at. 2?0YC wyhich is reprecob h

* ~ ~ ~ h el ct Tnc wotinr is anna7rently followed Cl"oselyv by erotherm:ie

Dac m s to 1t 2at1 ra1 " .1 '! t

7r C f;c CfdcTt257 a:zthr ataoror0ct)v C
elnn diCnv-ýý av t

~~ ~u. s•Pc~~C.sri acltý rohro t~ 2 c(iole i
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0,7 the Inreientc wer~e Me~d so th~at PySSM in...

:T Asgre rnto might be dzateact• Figures-< A.-4, Otdl 11--S 01crA

M7reuls rm §00-C Erl1&w-lantose, and O2-1coe i:trs

daaidct ver ra~ extflei at 1230~C or. less. Lactose with

M& onI in a ( -:N'atior: at -n'rohimately 1850 C In boeth tests,

V:JAr wi Yth H013. did not ignite- and an end.otherri is noted3 at 3300 C.

I )ý of CS, End NC (Fig, A-6) show,,s no interaction, since the endo-~

* t.~o~r~of CS and the exetherin of NO are evident. KC-10 3 and CS are Shown,

to react (Fig. A-?') below 2750 C and the typical CS endotherm at 3150 C is

ntev'ident indicating destruction of the CS. A mixture of I~CS-~C$ and

* ½eto'cc (Pig_ A--&) shows the CS melting point and the lactose endotherm,

TC~J i f ethee:at 23O0 C and the lact. of an endothenm at 315 C indicatez

paothable destruction o! CS at well below 300 0 C.

A sulf-ur-CCS mixture PTA, (Fig. A-9) indicated no reaction between

O.U'lur Wn 05 up to the boiling point of the CS. This rcsolt is

interacting, since all attempts to formulate a K{C1O 3 -snltur-'CS pyootechnic

W~c. failed. The VI'A indicates that the reaction between sulfur and CS is

nc~t highly evothorsmic if a reaction doer, occur. Mr. Diener, Edgewoo1 Arze-

YnzaV, hras Wincated that a reaction between CS and sulfur does occur though

z'ces:ant s,,ýtunre of the reacetion is not ko'~

VIDA, datan f von the NIAL pyrotechnic ingredient com~bination.s zrr'-

cwsin Figs. 11-1O throu~gh A-19. This particular formulation is knowni

tob hEc;-ivihnt shock sen sitive and thermrally unstable. Figure A--l0 indi-~

* ca~e a desflagration exotherrm at under 2200C. A DTA of sulfup-01G0 3 ,

:mr~'v P I, i:caessaetherm at 1750C. PAddition of WnC'ý_ to the

n.:urrarn rcto sensitizo it ever more, and the rapid exotherm is

sonto occur at 145 C (Yig. A-I6) . Theý NsYCO,; decoizposiz5tion scon. in

Il A-17, and P-1 lis-Opcpletely absent in Fig, A-16. Tt is

Mit~nt thatc Wiet an inte~raction between the three ingredi~evnt

(DTIY S, Rol 171Qc) We Coco not occur when 001Y two of thO SpreAi-

* - ~ "S'~*~ + 2'CX'



r,.. t .,.s •.pronh•y .activated by the generation of Oro)t.

-'-7vQ ofwaer and c;abon WAN~d from the decerwozittor. Wc, HEe&t.v

%: '.;.;i2. i: a verrst ile tool ad provides sign-N nt ....

rc,ýr a• .,rN.AM77: of. n: ffOr•t. mil'es whch ar'e enpopim!.r.,enta.l in n.atura• mayrT hc

srz.c.::e.$te utn; this technique, and those which shot: 0n eatkorrs t a-.

d*>ar.ezrcvsJy low terve.rature may be discarded before further effrt is

ererA.. in their d evel.opa,:; ,ent. For example, in a separate, unrelated

entt�e•�. t telluritr dioxide was being evaluated1 as a c ,taly•t in a

* hni'ng •rats study. A samiple was stored overnight in a relatively Io-

tcTe7rr.t;zre oven (12CP F) and-ý durlCn the night the sample cotefla'rated"

Mafn.•tter san•pl was then prepared and analyzed on the DTA apparatus; it

wan fouW th.t ean exotherm existed at very low tewmpe:ature (740C) so

that in retrospect; the deflagratlsin was not surprising. If the DTA& had

,ean run bfor•e further work was attempted, this accidental ignition

could have been avoided, The DTA was subsequently performed on all

ezpeatantaCl for'mulatlons as a routine safety precrution. DPA results

do not prove that a mix is safe to process, but they definitely indicate

t-.sve which s.e unsafe because of a low temperature thermal inntbility.

it sh•o..ld' be noted that frtction or imp.ct sensitivity are not detected

fticun )7a .ntlyr-AS

The DTP. app;,ratus is recommended as a standard test device for any

,� •ree traolved in pyrotechnic formulation work. Testing is simple,

..... 2. .,. Imo. in cost. A high temperature DTA. operable to 10000C would

L- ncefCT. forn determining the endotherns of va-rious coolant mate.nýials

" r', b, u. er ees"a•"a"t,

j Informetiocz w'ar found In the 1ttornturo conncre0ac thc:

0;TrI~ ,i~ua QUAV.-P... roseŽ~KAc: aS a function of precsuro.

ROW. 3=ritopr of rcrctrche::r or My .g ra= with. highoy



At N.st two problom areas exist which could be potentially

.e.,o._, by h....r p -e .sure operation of pyrotechnics. The first of

tUcn, is Me burn:ng rate problem. At the present time, no suitable

low-.cost catalysts are available for obtaining high buyning rates, in

the r 0Jge ol to 1,0 in./sec, at atmospheric pressure, The existing

tithcd for decreasing the burnin7 time is to simply increase the burninM

'3urface areal. However, burning rates of solid propellants and pyrotech-

nics are normally directly related to the pressure by a simple power

Tunction. Often a slight increase in pressure will increase the burning

rate severalfold, In addition, a highcr pressure provides for more

e:ficient combustion of oxidizer and fuel combinations This greater

burnning efficiency could result in a decrease in the fuel and oxidizer

reqirements for pyrotechnic formulations allowing grea.ter concentrations

of agent to be used. Higher pressure operation would also allow the

des•ign of larger devices which might move about under their own power as

is currently done with existing "skittering" devices.

Pressure-burning rate data have been obtained for pyrotechnics con-

taking ?7,:A and CS over a range of pressures from 14.7 to 750 psia.

Theore data were obtained in a Crawford strand bomb which was pressurized

with dry nitrogen (Fig. 7). Constant pressure is maintained by bleedin,

off gas during burning, and burning is timed automatically by melting

small wiro.•es which start and stop timers.

P*5,rotechnic samples for burning rate determinations were pressed

into cellulose acetate tubes using the die arrangement shown in Fig. 8.

A ;esrieo of five separate pressings were used on each sasrnle to obtain a

•uni:fn st:r.a]d density° Sa-mplec were 5/1 in. diameter by 2-1/0' in. lorf

wii:ith metallic lead wires through them for clock starting and stopping.

C,. lpe,. were fitted with a thermocouple in addition to the lead wirar

.........:-:T ti,, The therm.ocouple Was located inside the sample approxi.•

S,,,,hely .1/2 •., from the bottom. Figure 0 shows the method of holding the
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FIG. 10 BURNING RATE vs PRESSURE FOR 1MMA PYROT ECHINIC

The WULP, strand burning, rote studies also illustrated the dependence)

of useful agent yield on comb~ustion environm~ent. At lorv pressures a

thich fenthery coat-ing of red MIA condensed out on 111esll of the, borik.

A r the ;pnressurc was raised to-'s:arci 5Y psi the cont ing becaro thinner anC

clhngecd to an orzange color, and at 750 psi t1Pn coating v'.7ss completely

blaoeo: inr).cating co-elete breekdovc-x of the agent. Thie incrcae~d deg-ra~-

dr,.tion iri a conseque-Ace of the increaszed rcT,'.de-nee- tii-c in the co4-rbust-1wi.

zone~ durAc burning at elevated pressures and.: of thei increase~d f aete-m

pozatnroe prosernt at, the higher pressu~res. No" atternet -wiswde to optirt-'ix-r

t fo7,m lcXt~cn for emny grivecn presmlre.

t. ~:~'stud.- burn!.ng r.-.tru curvec (ree F.g 1L a dtie fo~r

t>'>at ~a G75C pyroteeuc~htr atE~ulvle ~ strand cl Yy p.su

~ 2Q. rng ramt. c!' fledet fori: r -p'Žzuro ie ccc
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At kither pressures, above 500 psia, the tempcrature appears to tale

ascca ucirvard chift. Con:puter calculatioc r for the adiabitic f lane

cec~~wrttrr ý Serm ciever hMer= value in the region of 1000 pnte Such.

On=m tersmratures are unacceptable from the standpoint of ag~ent dcrwz>

Since~( the tims that the agent sponfa in the high toemeayturri 2Ramae

mrrr is' critticr from the standphoint of clerrpchtion. any r;:hoc that~

rzv rnear time) without raising; the flame terpeunture is usef~ul. X~tht

thi Is Md a Merion of catalysts successfully umed in hzrnsnc' tc

0*t7,7c'C'1 gter_ Ti..e rtaittd.ýrd ti.reof dOŽ0ljC% CS, 5.2% ro 11.6% Wnlim

Wc7t rccm~tt arec~rr ton In Y~ M Zill



cat!A 1- 0.017

Fermit 0,013

F e S~ 0.012

0,011

F~err~ic Octonsto 0,011*

Ferrocenc- 0.017

CuO 0.012

Fer~'ic acetonyl acetonoate 0 .012

Chrom-z green 0 .013

F12Cr 2 07  0.015

N-hutyryl ferrocene 0 .012

Thes re~~tashow; that no burning rate enhancement is obtained; inste:.d,

depression of the burning rate was common.

ir i~;o her~~,attention turned to buxrnina rate stimulat ion

biriqpyovel heat conduction, Revere alum'inmui, needles (0.001 x 0.008 x

0 ý F in. lonO) were pressed into the stand~ard pyrotechnic at mis 1o' Ai

leve"Is of- on-, three, ar6dý f ive percent', The results, sho-rm in Table !V~,

irdtrh~cn.te tlha,-t the burning rate viTa, not increaced significantly by t'hi

~iv<~cAn Psdition-l med-eification v,.hich w trý,ed vxaaý to sJluxry the,

~;2c~c c~~azhicWith ~ VICone TeSIJurcyin techniiucu porni.ts contact

~;2~:zT.7 th po i~unchlora:te and nitrocellulos- man' provic:.es an.into

h-n~rrtA slrry containirr alvr,ýImz2, rnC-deef1 vic, pressed ii-tto

~'-r~:c~e1-ric dbznrrned but Yno significrmt btirning ra7,te xrer v
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.. t st were also Wc e to ma.oify the burning ratos by formula.tion;.

................. t...t i-ncrc.se could, be obta i ed by • . r, s . .,

K'.~. -- o~'fc2 ratio. Ho-werer, this reoulte On V17' av' ie

0 .. ... . - -. , ru .d lend to sigrnij:If nte d . ,- .... s .n vs ,wr v.e ld

Strand bvrr.:-n. rate m;easuremsents such as those descr,.ed are needed.

toenctabl2is!: the ballistic design parareters fo pyrotechlnic opers"ation
",- ..... .... presure. If t.he burnng rate, .dencty, bu-rn-ing. arena an

of~r conv'erted to gaseous products are Lassie, the rdcutircd
uTAco.,e to estab1l 'ish operation at any desired prssure c be Mewc-'

At .... Pig,
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.a. e:is tic velocity c': is given by

C

;..'. :• k is the specific heat ratio and R is the gas conctant, both foa*

the product gases.

For the MYA pyrotechnic k was calculated from the product gas

analyio, (see Section IV-A on pyrotechnic experiments) to be 1.325 and,

Ih to be 1475, giving c• = 2600 ft/sec from the above equation. This

value wa: used to calculate orifice sizes in the pyrotechnic experimqents.

Another parameter which is required for the calculation of A is thet
pyrotechnic density (p) which depends upon the forming pressure. Curves

of den"ity as a function of forming pressure are shown in Figs, 13 and 14

for CS and MAA.. pyrotechnics. It should be noted that experience has

shown that the changes in density which occur tend to be compensated for

by chan•es in the burning rate so that the mass ejection rate per unit

s2u-rface area of pyrotechnic is nearly independent of the forming pr~essure,

Y). Thery•l! Conductivity Measurements

To support mathenatical modeling studies of the combustion wave,

thermal conductivity measurements have been made on both the pyrotechnic

ingrcdiento and the pyrotechnic mixes. The device used was an adaptation

of the Cenco-•Fitch type. Differential temnperatures are measured across

the spcimen at regular time intervals after the material is contacted.

by a heat sink on one face and a heat source of a hiKgher temperature on

the other face, The slope of the curve of time vers'ur the log of the

differenti em'f is a measure of the thermal conductivity. Specimens

v<'e pre pred using a 1-in. die. It is possible to press the sample to

<,, U',l- y uniform density, since the sample thichn•nss ic only 0.5 c0no

[[,s 2. v~t~Jed. were p•e•sed to dennities which were equal to actual
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~j~:.d;'ho(F~ig, 15) i! cc ctructcd so Ch t ~he spenien~ can be~

:rull Tallctor are not show:n. The hoat somyce (low:er WaS o K)i

* ~iyecKra w~ith Mh upper: sid of a pot whik:ch is" heateci with Weiling vs ter

~ c~;etomnt t-Žraturo. The -heat sink (upper block) is Hsu-

lated by, a tyroP~oeýP rin,7 and iss backed by- a 10%." c'z'Izwutivilty Pl.ug rf"ede

*of Thon*-ctoz. A mnicrometer screwv drive is use~d to brinC the block,

&e to the face, of the specimen and then to compores the backing:

icetri U.00~O5 in. A calibrated dial on the screw; is used to meacuro the

~citof caxpression. A Leeds and Northrup potentiometer and an extern~al,

ar.,lifiadmull indicator are used to mea sure the enof betwe~en the therrno-'

conplez at the heat source and the heat sink.

The rate of flo~v of heat through the specimen is equal to the rate

of~ heat transfer to the upper copper block (the heat oink). This can to

exnr~T Tc ec ~

x d

I. thce 1 - ci conduct ivity- of the material

= aeaof the upper block (the specimen area is
greater to minimize end effects)

T = constent temperature of the heat source

*T = ten~perature of face of material in contact with
herat sink

x= thiclkr.ess: of the s p:,c i17 en.

V!= rn!C' of theý- heat pIMI

c =specific heat of the heat sink.

Mt= rate of increace of temp::rature of the hea7t sin!k.

w;-~~ic'eti~emtf, V, hetrccm. the- tý.!o therl-7vcoupien at thce heat

½ he heat S~.ak is r '. rt cc to the ten'cercture c f~r~e

V c(7 1 T)



C--.(

C F I

j,.t.r.

.j..,�

r 
*'*,92

k 
4 r

C. 
.--. I

C 

Cl

A K.

C. 
C - -,

-, it

t.� A
. I .

t 2

- K � � A

I
(jAS

1
4

.9. JL7:;r -

* 
PC,- .. C

I r"�' 
-, C.,

f .4-P 
-Pp

C 
--- C-----rt A'

-, .1�, 421§C4A2&2,.J�& 
-fl �'4, - -

V . I p -

F - -'

I 
�-5� I .4 4

I ¾

�4�I�*�'�' �4. 41 C 'I II4<

TA- C Ofl -5

HG. 15 APPARATUS FOR MEASUPING THERMAL CONDUCTIVITY

Aj



K:V Of,

bstIQ;, - An U.

'F cs ,b -ýti v'c , n finitial condition~s lead~s to the foilov.-InC expression:

* t -230~2 loz(AV) lo C(AV) 0]

Thnc tl-21- lopc mo of t versuss log AV ca.n b-- expressed as

In=-P.303 -TI

c=Of, c0& capl/g-tu s

to A = 3.2've S' i ic c cIJ.brat .or of t~le; cq'ip."ermt v '*

~f 1'.)7"Cnlti, u~id. Pý70'd .7n -vv' .'A -:reýte~r d ogroe 01 of-ss~ur-

I co, chctr--vi~ty o f- 0 Lcit e (hcThexirK. s)



"I:v e :'e'itions of the pyrotecl-nics listed in Table V w:ere:

I. LJ. pyrotechnic mix I&,- I connisted of 42% LcA,13%

15%Ij sodium bicarbonate, and 20% pota•sium chlornte. The

ingredients were dry mixed and pressed at 6400 psi.

2. CS pyrotechnic Mol 2 consisted of 40.6% CS, 19.4% lactose,

25.2% pottssiuvr chlorate, 3.2% nitrocellulose, and 11.6% kaolin.

The ingredients were dry mixed and pressed at 6400 psi.

3. CS pyrotechnic Mod 3 was slurried with M.8 parts per hundred

of acetone prior to pressing.

4t CS pyrotechnic Mod 4 was slurried with 4.8 parts per hundred

of acetone with che nitrocellulose predispersed in the acetone.

5. CS pyrotechnic Mod 5 consisted of 35% CS, 30% KCIO3 , 25% lactose,

10%1o kaolin, and 3.43 added parts per hundred nitrocellulose.

One hundred grams of the CS, potassiurm chloride, lactose, and

kaolin mix were slurried with 39 grams of acetone containing

3.43 grams of nitrocellulose in solution. The mixture was

dried and then pressed: this procedure reproduced Edgewood

Arsenal techniques.

It will be observed that the highest thermal conductivity of any of

the pyrotechnic mixes was obtained with a mixture prepared by the Edge.-

wood Arsenal procedure. Materials were pressed at a pressure of 6400 psi;

me•sured densities were 1.470 g/cc for the dry mixture CS pyrotechnics

and 1.455 g/cc for the sHurried mix. The higher conductivity measurements

can be attributed to the intimate mixing which is obtained using: the

slurry technique and the higher particle density which results,

Yo EthyJ -.Fzr.noanthrta.u i none (M)Vapor Plressuire e reet

The efficiency with which an agent or its si.ulant is dispersed

i dr•ndT on its vapor prossure-.temperature behavior. For this reason,.

vc.er7:.. prerinure measure.ments on the simulant ,--A were undertaken at the

c::~~~~~.onA osnna~c1A. ilAC.



Table V

~ COKJ)UCTflTITY DATA"
FcCa PYROTLUrITC INGREDIEN~TS AINo3T~h

SThernrm Conductivity, L.
, ~~I """ eterial (•c]c/Cce2sec)

y....,noanthraquinon (,) 8.515 x 10 1

Sulfur 4.705 x i0,c

4.746 x 10-0

vj, 3Oa 7.49i x 10-4

"CS 9.819 x 10•

7itvocel1ulose (KC) 14.47 x 10"

T{-olin 19.84 x 10"1

Lactose 10.87 x 10-i

V rA Pyrotechnic Mod 1 11.27 x 10-4.

CS Pyrotechnic Mod 2 11.54 x 10-

CS Pyrotech.kic Mod 3 13.48 x 10-•-

CO Pyrotechnic 1,Mod 4 13.11 x 10 "•

CS Pyrotechnnc N'od 5 15.14 x 10-1

Lucite Control 6.703 x 10-1

Initially an attempt was made to determine the vapor pressure of

technical grade MMA obtained fro. Mcl.esson and Robbins. This mit-erita1

uras f.n: to be highly impure, and some decomposition or charring .ccur.ed

when the m,-terial was dried under vacuum at 90°C. The irar>,rit.e. evi-

denc•,ýd themselves by the residual gas pressure lHft in the isotensiscopn

(Fig. 1) after cooling, A second experiment, this time ,_th naieri al

o~x~edfrora Pmencan Cyansrid, was performed., am : tlh, e

. dv'ied at £SOC under va.cuum. Decomposition still o.;rr-;, with nome

hn.arinr90-,.t the meltinF point, and above.



FIG.a 14 ISOTEN!$SCOPE

It Ws apps.rent f r o-, this preliminary work that any material wbLch

I..w . 7 to give accurate values for the vapor pressure needed purifica.tJ....

•.•, y• ~ccornlhshid .n the apparatus shown in Fig. 17. The Americ.n

Cyv...4Ct7A' wac loaded into bulb 1, through arm A, which Y:an the sealed

f T-; J..ttor. half waz.n heated to 1850 C ±hile evocuating through C;

Mie:,and ditle av et n:; -oin) into bualb 2.

t...• -.. . e..t.c. i r, i. ,. in bulb 1; this section ai arm C were then

e f. £rl' it.:. rest ol,. the tube. I• a similer way, the sample ws.

.s4.i'tfled into. WWI at 185 0 C leaving negli:gible residue, ••d

•'•. w7 cc•rt.tely scled of while under a vacuum of 2 x 10"' torr,

•. LrJ-- .keri.l von -tIb,.tquen..tly distilled into D and S n.t

0 u ý'Anc-r' in, " r nn ve'y dar-

-;½r this Own: result of decorpoetion or trerecierros con--

Y~t 5r1: ac-t of'

f--c. VAM?, It~ 'my
4

evnt thn Seto OP. E £2
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SECTION70E

FOr SA.....

FIG. 17 SUBLIMATION -DISTILLATION TUBE

the material with the least dark coloration was sectioned off and dropped

directly (Pyrex and sample both) into a third and smaller isotensiscope.

The measured vapor pressure of this material is listed in Table VI and

shown in Fig. 18.

Compared to transpiration and Rodebush methods of measuring vapor

pressure, the isotensiscope technique is ideal for detecting decomposition

in the su.atmospheric range. However, in this particular case, the vapor

pressure of the compound is very low at relatively high temperatures so

that the precision of the measurements can be adversely affected by any

temperature gradients which may develop in the mercury column. This fact

can be better appreciated when one compares the vapor pressure of the

liquid with the vapor pressure of mercury over the range investigated.

The vapor pressure of mercury rises from 6 mm, at the melting point of

to 80 mm at the highest experimental temperature. At the higher

temperatures, a gradient of 1/20C across the columns of mercury will

produce a pressure difference of 1 mm, due to mercury alone. It is

•.u~ected that the two measured values which lie well above the curve in

Fig.. .- (at 214.3 and 222.80C) were produced by such a gradient.

The general agreement of the experimental data would appear to

r•stgY[,• th.eir validity; but, in light of the above discussion, it may

,.on ..... verifyi.nr these results by an alterrna•tive technique.

6.
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WT:n ve7or pressure curve can best bo represented (neglecting scatter)

by thec equAtion:

4370
log p = 9.2234

T

where p is the pressure in millimeters of mercury and T is the temperature

in degrees Kelvin.

The heat of vaporization calculated from the slope of this line is

20.0 kcal. This value appears to compare well with the heat of subliiai-

nation value measured by Beynon and Nicholson1 4 of 27.4 keal. Comparing

these values with similar values for the parent compound anthraquinone,

where AH" = 25.2 kcal and AHv = 15.8 kcal, the agreement in trend is

reasonably good.

Beynon and Nicholson's value and the extrapolated vapor pressure at

the melting point were used to calculate the sublimation vapor pressure

curve shown in Fig. 18. If the data are extrapolated to provide a vapor

pressure of one atmosphere, the corresponding temperature is 4160C.

Although the data do not provide complete information over the range

of pyrotechnic operating temperatures, extrapolation of the data is

practical up to the point of decomposition of the YAA. There is some

evidence of MAA decomposition at the temperatures already achieved, but

by using one of the other techniques available, such as the transpiration

method (up to 3000C) or the pyro-gauge technique (500-600°C), the vapor

pressuare can be measured at much higher temperatures.

AC.



Preceding Page Blank

IV PYROTECHNIC EXPERIMUnS

An order to properly identify the critical processe3 occurring

durimn cambustion of a pyrotechnic, it is imperative to obtain a :-ul

rtor•°al halance before and after combustion. An experimental study

of the combustion wavve itself is also important because the product

gaaos forrwd in the flame zonE and in the ash bed provide the environnent

in which the agent must survive to become a useful ýerosol.

A. Mass BPalances on Pyrotechnics

In the past nearly all quantitative pyrotechnic output data have

been obtained from aerosol chambers. The technique incorporates a

large chamber which is continuously stirred by a fan. A pyrotechnic

is fired or burned in the chamber. The fan is started before the

pyrotechnic is fired and continues after the firing has ceased until

sampling is complete. Samples of aerosol are taken from the tank at

intervals of time. A carefully measured one-liter sample of aerosol

is passed through a total filter, and the filtrate is used for agent

analysis. The sampling is done periodically for several minutes, and

the concentration of agent in the tank is then plotced as a function

of tino. The values obtained are extrapolated back to zero time to

estimate the initial concentration. This concentration is then taken

as the true output of the pyrotechnic.

Wind tunnels have also been used for output measurements. Wind

tunnel m-sasurements require a well-mixed, uniform flow of aerosol,

and the technique may be quite effective if the aerosol flow through

the tost section is homogeneous and if continuous sampling is used.

in general, however, despite careful calibration, precise measurements

aro difficult by either of the above methods. Using chamber or wind

tl techniques, r-nss balances of pyrotechnics are very difficult

to obtain.



Yn cs:"' wo~rh hLsr- at tlhe Insztitute it was OceideA to urp a total

r'~ t hiu by cipturin7 all of tho output fro,,m a give~n pyro-

t o elhr..n 1 c anr.d prcforing euitable chomical arlysor, upon it. ylmn"

* c::orivonte ware carried out using a 50-gAllon steel tank; a pyrotec~hni~c

un urncd an-d thrs combustion products were collected inthetak

Ph pTh ra weeý sampled for ms-pcrgah ana lys is, and the acrosol

woo Mrracted by wa~shing the tank down. with suitable solvents. It

was found, horever, that this process was very tm-nsu.gand with

*sol o amples the repeatability of results was poor'. 1f an inert gas

wsprese7nt in the tank, the gas analysis was ffolun~d to be inacc,"urate,

apparently because of dilution. According] y, while this expnrimontV~

procedure maay be suitable for very large devices, an alternative

approach is needed for evaluating small-scale pyrotechnic conipositirons

in Mh labora'tory.

Sincee it was desirable to improve on the tank technique, several

other methods were evaluated. In one approach the pyrotechnic was

burned and the products of decomposition were collected in a five-litcr

throo-nach flask. In another approach the products of decomposition

of the burnng pyrotechnic were used to inflate a plastic bag. The

fira:t rieýthodl suffers from the inherent disadvantage that tbe, pressure

in the flask increaes during burning, and this may result in a va~ria-'

tion in burning rate and decomposition products of the pyrotechnic;

nevertheless, useful information on the burninE of CS pyrotechnics

hase bsen obtained using this mothod. Both methods enable the amount

of nonecondonranble gacess produced to be readily determined bymesren

of thev pycess re rise.

Tm-e complote five-liter glass receiver test assembly in shoini in
~ig. l~'Te pyrotchnic canister (shown in Fig. 20) held up to 25

--Knr, of mi.7i.turc. The system. was arranged to allow the pyvotechnxic to

dieh:'reeiIthtc into P. vacuum or into a heliump atmosphere. If- 't he'

* tc'~: wefiredinto air, gas anolysz.s wns unreliable bcoAuse of the

i:':.an-d porrible further chemical reaction between ti's cembuntion

* v'e;' ~nnvU anl tho orygen snd nitrogon of the air.
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Alc~xg'-ýr alurxdinum cenMiSter V-IS Palso designted for pyrotechnic comn-

*poiJition studiez. Its dimensions, 5.85 cm in diameter and 11.91 ciw.

*deep, were selected to duplicate as nearly as possible the sizes used

for the sorvicc grentade. The canister =~s fitted with several adaptors

for the gac sampling lead, the thermocouple leads, the pressure gage

lead, and the Inert gas purge lead. Wires we're attached for hot-w.ire

ignition. Pyrotechnic maixes were pressed directly into the canister

in five increrants to give uniform pressing density. For total recovery

tests, the pyrotechnic wan fired horizontally into a closed container

fitted %"ith a polyethylene bag to collect the gases without a pressure

* rise (see Fig. 21). If it is deemed necessary, the whole unit can be

evacuated and then purged wi~th helium to reduce contamination by air.

~A;U1- ,~.~POLYETHYLENE

IGN'ITION LEAD2

Pyrm-O ECHNIC,

THERMOCOUPLEi eOLETO
LEAD .*

GAS SAM.PLER ;

PPFSSIJRt GAUGE
TA-4SOO-T.TO

FIG. 2' FPYPC 0TC&Iý-C TEST ARIRANGEMFHNT USING POLY ETH-YLENME B'AG
F-0-i CAS COLLECINION

5-..



Thc vso of a polyethylene bag for collection of tbe by-i ro�ducts

O�®� V�r�l advantages. Contamination i� kept to a minimum when
u�in� agents. The polyethylene bag is kept flat and a vacuum may be

pulled on the system to minimize air or helium contamination of gas

samplee. All of the products are collected and gas output may be easily

doter�!ned without back pressure �u the pyrotechnic during operation.

This system of recovery of agent h�s some significant advanta gee

over convc�tional chamber or wind tunnel techniques. No extrapolation

of the data is needed since actual agent concentrations are measured

directly� Its largest single drawback is that little can h-a learned

of particle size and cloud duration. The cioud particle size is readily

* determined via impact samplers or through settling studies in a chamber.

From our experience the most important aspect of agent-generating

pyrotechnics i& agent survival through the pyrotechnic. If the agent

survives and is �xpelled to condense outside the pyrotechnic, its

particle size will probably be small enough to remain dispersed as an

* aerosol. Vie have not seen exceptions to this, though exceptions may

exist.

A determination of th� ingredients which are discharged as a gas

or remain as residue in the pyrotechnic is only representative of the

information really desired, since on cooling the by-products frc.m the

pyrotechnic, the equilibrium is shifted and the compounds which ex±sted

at high temperatures are no longer the same as those analyzed. A

direct analysis of the gases and solids which are precent during com-

bustion would be ideel, but in lieu of this impracticality an estimate

of the actual products must be made from the data which are available.

The formulation selected for the study of IdAA�'bascd pyrotechnics con-

slated of 42% M�A, 28% 1(0103, 11% sulfur, 19% NahCO3 , In the initial stud.-'-

ics, the pyrotechnic was burned in a heavy-walled aluminum canister with

the gases being collected in a polyethylene bag; after burning, the volume

of the noncondensible gas generated was measured by a water-displacement

p�-c-�oeAvre, and a s�wz�le of the gases was collected in an evacuated stain--

le�z� stool cylThdor for r�'-s�eetrographic analysis. The burning

t �
.3 .3



V~T.' L ' b' -yo tlio Ooeupir. V711c~h wa

-,...U~t, ~p~r 0: .ncd17y V.u1cj:%r-ratio'2n c, g;ar-, e,

iylege c oriýd an e. wre for2 tlbz, hot )7romc the

~T, Olth. 1.., co, grxtcs from the~ pyrotechnic warer dischr-rged b. elIow

Vt, liquld levelI in the recceýiver and, -ý~' orccd throuC.ýh th e solution.

~72'~1ene~Th2i~L.ir very zltalne and no renction with, the pyrotechnic

rgsoYa obrcrved. An additional advantago to the uen of vuhyler,.ý

chlrine w~ the em-se with which a collected samnle could bo concentrated.

* ' Irjt stor-ag-c in, tha hood umualJly allowed a sample to bz'n concentrated

ta.. r..qlic. Carec v725 exearciscd to prevent contarinat ion. of the & ar

var.perby tho collectiozn Volvent.

In analyzing, nonconden sable gaSas by m~aso-pectrographic methods,

it war; found that the ri:ethylens chloride, vapor and helium interferod

vi th cera of gar, annlysic, so the gars samnipec for thio purpose,-:

viarzý 'vx7:rn directly from the pyrotechnic device into an evacuated glass

cyliledo. A rem~otely ope)rated, normaý,lly closed. solenoid valve war, us-ed

fPor, saup~in7 the gns. The glass cylinder was attached to the val-ie and

* the system was evacuated to~a very low prensure--during the test the

solonoid, valve.wa oened. 'al lowing- the g-ases from the pyrotcchni c to

bo fojrced into tlho glass sampler. All controls and rocordinrq instruments

ere. locaýted ace30 ft fromm the device and are protccted by a transparent

pro~t(*ctivo hed Pyrotechnmic pr'essure and temperature moneu romont s

vr rec, , o ded. On a 12 - c Inc n. c V i qic ~er w~b ic h. va,- ope:!ra tec-d w1.t h a

ehai~spedo~f 1 to I in./Gec. The galvarometer werecalira1,t:6 to

rCivz l iu de,.flection. on 8 in. papeýr for expected toperpaztuoror and

i) f og the gssaniple %w%; roýrved fox' analysis and ash

ex~ ~overexd fr~om the pyot-cni. Tho arh wap ground ill

r c r~-e-7, e7;ratrygrinder to a fine powdecr and suitable aliqiiots

~ f~sc~nl'y ~ i. Ay get (or sim~ular.t) depocited outtr:Ide-!ý.

............. .. . >~; :cove'L ce -var waed into t -ethylenve



c~c~r"*thn bag va aSIMilc1y ~W' .ed. As a. cheat, thn. Volum Of

gonrted. Wn5 mm ured on s~everal occasions by ellinnrting the =

of < ~~e oi~ and simp~ly determ.ning -to voltur.e olf the r: s

in 2 a.Ltor coDling.

The prtineo.t ewpcrimr ntal details for two test burnings, rucn

11-2 and W3 ere given in Table V11. IMarc-SpeýCtro~~raphic (nIssof

thoe nr'ecý,non lensble gzases wzas carried ou t for pyrotech~nic ru ns B>-2

and P~-3, and a conventionzal inorganic wet annlysis wazs alao performad

on the solid residue. The data from these analyses are given in Table

V111. Son,1.e careý must be taken in the interpretation of these results

becaune of the large amount of unidentified material.

T-he resuilte sho,,'n in Table IX indicate that the coolant, sodium-r'

bicarbonate, produces a significant amount of carbon dion:±de and that

tbe chief volatile products formed from the sulfur ar-e traces of CS2

and COG, The wet analysis performed on the residue in the canister

rcel that the chlorate ion is being converted in the combustion

protoss to both chloride and perchior-ate, and that the sulfur is

oridizd prim!!rily to sulfate.

Sinne techniqueo for comprehensive analysis o:Z the suspe~cted com-

biustion products were not previously available, it was necessary to

develop sui table prowedures. Wn the basis of X-ray analysis of by-

products of pyrotechnic residue, it wias reported earlier that some

alfonatio:A of the NAA ring structura rma*y have boo~n taking place.

erialaalysis shown this to be untrue--tho MIA ring structure is

i~miaiinIntact. Howeover, elemznirtal sulfur and the elemental carbon

havce both beon found in significant quantities; thio-type compounds

app:v,,eu to be probable constituents of both by-products.

r.Diener of Edgewoed Arsenal pointed out that many of th~e sulfur

co-yuns formed during' the burning of the pyrotechnics may be sens-itive,

to rofkrturc. Tc., ascertain whether this was an impontant factor, a pyro-~

~ahnew:as subeequeintly burned in a. dry bo2:k under a blanket of heliumn.

are' the W~ido collected from both the gas phase and the ash. These

t,ý f'llght to con.pi moistuze~-sencitive thio-'carbc;nates and~ ot=hcw

:ifn a~inrwr than a~m
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~c½cdonnity, g/r:cc165IS

VA~,o pr otnebnic (g) 22613.3

Lnth(em) 2.74- 1.92

Sv~n1u,7,- corrected to
0Th and 1 atný (liters) 2.9 2.1-0

H (g) 6.0 2.3
13n~-rato e d (chc) 0. 04fI7 0.042I;5

B tunIu-g prcsnure (up-, Hgr, gage) 5

Trti~ in Pyrotechnic (0 c) 555 52.5

~oi.:rtu~ino~iie( 0 0) 325 3~0

Rtlr-ir.n- ourf'rco arc! (CO~ 5.05 j 5.06

mol~ ~eceular ve I.ght of

oc'vr '~~e/ pyraotchnic
123 3



Table VIII

WTE' ANALYSIS DATA FOR ThM SOLID PHASE

Test B-2 Test B-3

Species (wvt %) (wt t)

Cl 0.8 10.4

C104 11.2 2.8

SO3  --- 0.1

Co0 3.5 2.7

S 0 11.0 12.4

K+ 19.6 14.9

Na+ 6.6 10.5

60.7 53.8

Unidentified
material 39.3 46.2

Table IX

MASS-SPECTROGRAPHIC DATA FOR THE GAS PHASE

Test B-2 Test B-3

Component (mole %) (mole %)

C71.0 77.0

A -- 0.1

Cos 1.3 1.2

CS2 1.5 0.6

H- 0.5 0.7

•o 1.3 1.1

N. 3.4 7.1

CO 8.9 3.2

12.2 9.0

100.1 100.0
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Me thy) aminoanthraquinone is insoluble in water, whereas a sulfoniated

smthylaminoanthraquiiione is water soluble. Accordingly, aliquot portions

.)f the ash and the condensed vapor were extracted repeatedly with hot

water. The filtrate was then 4 veated with 2M NaOHi and then with Na2 SO3

and NaS2O,4 . Development of & pink color would have indicated the

pr•sl.-t... of sulfonated W"A. 7lie procedure was tested using sodium

methYlanthraquinone sulfonate as a sulfonated substitute for sulfonated

IM and a bright color was developed. The test was negative for both

ash and vapor, indicating ne sulfonation.

The literature1 3 describes a potentiometric titration for estimating

thiocarbonates quantitatively in the presence of sulfide, xanthates,

chlorides,, and carbonates. The apparatus employs a silver wire electrode

and a calomel reference electrode.

A titration curve which was obtained using this procedure is shown

in Fig. 22. The inflections which appeared differ slightly from those

reported previously, but some observations can be made:

1. Inflectiot No. 1 is near that which has been attributed

to sulfide. If it is due to sulfide, it represents about

1% by weight of the ash as sodium or potassium sulfide.

2. Inflection No. 2 is near that which has been attributed

to trithiocarbonate (CS 3 =). If it is due to trithiocar-

bonace, it represents about 7% by weight of the ash as

sodium or potassium trithir~carbonate.

3. Dithiocarbonates are reported as being unstable in sol-

ution and would not be expected to be titrated. Mono-

thiocarbonates are not discussed.

4. The broad No. 3 inflection occurs at an emf which has

been attributed to sodium xanthate-cellulose complexes. 1 5

It is conceivable that a xanthate-like complex could

be formed, during pyrolysis, of the structure

CHT3 - 0-C-S- (Na, K)

If this is the actual source of Inlection No. 2, it repres-

ents about 8 to 9% by weight of the ash as sodium or potas-

siuAm Salt.
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FIG. 22 TITER OF PYROTECHNIC RESIDUE

While the titration curve is quite intvxresting, it must be noted

that it does not establish the identity of the substances being tit-

rated. Actual identification of the pyrolysis products is possible

by chemical analysis. However, this would b,' quite expensive and

does not appear to be justified for an MAA pyrotechnic which is only

a simulant.

The exact role of sulphur in the operation of the pyrotechnic

remains in doubt. The appearance of small amounts of CS2 and COS

in the vapor phase of the generated material indicate that the sulphur

acts in part as an oxidizer in the reactions.

'he apyearance of CS, and COS is not surprising, since CS2 is manu-

f:actured by heating carbon and sulfur in an electric furnace or by
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reaction of methane with sulphur vapor. Carbon oxysulfide is prepared

by the reaction of carbon disulfide with sulphur trioxide to produce

CaS and S0L or by direct reaction of carbon monoxide with sulphur or

by reaction of water vapor with carbon disulfide at temperatures be.ow

400 0 C. The production of these compounds hawever, is indicative of the

reducing atmosphere existing in this pyrotechnic mixture.

The production of measurable quantities of KClO, in the ash was

rather surprising, so further tests were made. It was found that the

larger pyrotechnics did not produce a measurable amount of KClO4 and

that all of the original KClO3 could be accounted for by the KCl present

in the ash. The fact that KClO4 is not generated in the larger pyro-

technics is probably due to more efficient combustion and the slightly

higher temperatures that result.

A typical analysis of the reaction products for a standard mixture

of 40.6% CS, 25.2% KCIO3 , 11.6% kaolin, 3.2% NC, and 19.4% lactose was

obtained by application of the total collection technique. An end-

burning pyrotechnic unit containing 223.5 grams of pyrotechnic mixture

was burned and all solids and gases collected for analysis. No methylene

chloride was used for gas cooling and the uiiit was thoroughly purged

with helium before the test. The average burning rate, determined from

the length of the charge and the burn time, was 0.031 cm/sec or 0.012

in./sec. The final volume of the gas on cooling was 6.82 liters or

0.241 ft 3 .

The effective CS discharged was 57%. This docs not necessarily

imply that all of the CS discharged was in aerosol fo.rm, since some

C-S wuld be expected to be 'Lost by condensatinn on the orifice plate.

It is therefore estimated that 57% is the highest possible figure which

could be considered for the effectiveness of this particular config-

uration. Table X summarizes the analytical results and calculations.

A preliminary balance of the chloride i j5s indicated that a

significant amount of the chlorine was not accounted for. Accordingly,

thc data Lnd procedures were re-e:ramined. The analysis performed on

the ash necessarily uses R variety of analytical procedures; and it



Table X

SUWNURY OF ANALYTICAL DATA FOR CS PYROTECIHNIC

(E.d Burning Design)

Composition Composition
of of Products

Pyrotechnic Residue Gas

(W) (g) (g)

CS 90.7 22.5 51.6

KCO., 56.2

Lactose 43.5

Kaolin 25.9

Nitrocellulose 7.2

A12 O3 .SiCO 21.4

KCI 31.2

KC10 10.1

C (free solid) 4.3

kle (calculated from lactose
and kaolin) 29.4

H2 0.03

N2  0.27

CO mass-spectrographic 19.4
CO2 ratios used to es- 29.50

timate relative

CHIC3 amounts 0.45

C2 I (CN2  0.81

6 W Cl 0.09

HCl (preliminary detcrmination
by base titration)* 4.45

Total Analytical Estimates 89.5 136.00

Measured Weights 223.5 89.85 133.45

M•ay be subject to correction for trace quantities of CQ• and for
chlorobenzoic acid.

has been observed that the anion assay is usually higher than the cation

assay which implies that some IICI may- have been absorbed on the kaolin

residue. Interpretation of the ash analysis suggested that HCI must

be produced; and in addition, the computer predicted its existe%,<ce in

tle comzbustion products. (The gas analysis procedure does not permit
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lCI determination, siihce HCl is abroil ed by the water formed in tl'a com-

bustion process.) In a separate experimer.' the ash w'as dissolved in water

and found to be only slightly acidic. The gas from a duplicate pyrotechnic

was bubbled through the water and the watcr was filtered twice to remove

any traces of solids. The water (pH = 1.8) was then titrated using a

standarca NaOH solution. A quantitative analysis of Cl has conforned that

the principal acid is HCI. The water was found to be slightly more acidic

than could be accounted for by the missing chlorine. Trace quantities of

dissolved CO2 and orthochlorobenzoic acid (not identified so tar) may con-

tribute to the total acidity.

The pyrotechnic ash sample was washed to remove all water-soluble

materials and was then fired at 850 0 C to remove all traces of organic

materials. The material remaining should be kaolin residues less the

bound water; this was found to yield 102% cf the theoretical amount

of kaolin (less water) and is considered to be within the accuracy of

the experiment. This result suggests that kaolin is unchanged, apart

from dehydration.

The following statements can now be made, based on the analytical

results:

1. The kaolin loses only water and does not react or enter

into the combustion process (the equilibrium computer

program suggestedA'12 03 and silanes might be produced).

2. With water and HClpresent in the gaseous products,

the CS is effective\y maintained in an acid environment

during vaporization.\

3. Considerable amounts \of HCI are generated and in asso-

ciation with water ma• serve to provide nucleating

sites for the vaporizes agent.
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If the gases from a conventional CS mix are bubbled through water,

the water becomes acidic, and if the ashes from this same pyrotechnic

are placed in water, the water becomes slightly acidic. On the other

hand, the gases from an MAA pyrotech•:ic bubbled through water give a

slightly basic response and the ashes dissolved in water are highly

basic.

Agent CS has been found to be very stable under acidic conditions

and can be stored for months in highly acidic solutions without measur-

able degradation. We have stored samples in acidified water (pH 1.8)

for one year without degradation; however, in a basic solution CS

completely degrades in a matter of minutes. MAA on the other hand,

is stable in basic solution but degrades under acidic conditions.

The acid-base nature of the pyrotechnic by-products are thus an

important factor in deciding which agents can be disseminated using a

particular fuel-oxidizer-coolant combination. More work needs to be

doue with various agent simulants and fuel-oxidizer combinations to

firmly establish this conclusion.

B. Relationship of Composition, Thermochemistry, and Yield

Using the total collection method of analysis, we made a series

of tests to study the effect of varying the CS level in the standard

powdered mixture (nominal composition: KClO3 , 25 parts; NC, '.2 parts;

lactose, 19.8 parts; and kaolin, 11.5 parts; CS level variable). The

prime goal of these tests was to obtain temperature and decomposition-

product data for improving the computer program. Tests were performed

in 2.3 inch diameter pyrotechnics containing approximately 235 grams

of pyrotechnic mix.
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Figure 23 shows the proportion ol CS ae'osolibilized and retained

in the pyrotechnic ash after fi4_ng. It is intcresting to niotc that

optimum percentage aerosol yield is obtained at a loading level of 35%

CS; as the loading increases, practically all the additional CS remains

in the ash. Burning rate data for the compositi.on are given in Fig. 24

and temperaturo data in Fig. 25.

It will be seen that a significant drop in burning rate occurs

at the level of 35%. The flame temperature as measurec. by two embedded

thormocouples, A and B in each pyrotechnic, is shown to be a smooth

function of the CS diluent level. The significant change at a weight

fraction of 35% suggests that an examination of the volumetric distri-

bution of the pyrotechnic ingredients may confirm that high levels of

CS form a system in which the CS is a continuous rather than a dispersed

phase in the pyrotechnic body.

In another series of tests the kaolin-KClO3 ratio was varied using

standard amounts of CS, NC, and lactose (40% CS, 3.21, NC, 19,8% lactose.

and 37% KClOb-kaolin). The data show similar trends in that the optimum

yield of CS is obtained at a stoichiometry close to that of the standard

formulation. The results of these tests are shown in Fig. 26.

In order to elucidate the role played by the coolant (kaolin) in

the standard CS mix, sEveral alternative materials were examined. Some

of these compounds do .iot possess bound water. A summary of the data

is presented in Table XI. The basic formulation used was: 40.6% CS,

19.4% lactose, 25.2% KC10 3 , 3.2% NC, and 11.6% clay.

All of the samples were pi'epared and pressed in the same manner.

It is interesting to note that the clays all performed well--even a

calcined clay which does not contain the bound water. Calcined dia-

Stomaceous earth appears te offer cooling and a fair yield, but the

alkaline metal carbonaters gave an extremely poor yield and, with the

exception of NaHCO3 , the temperatures were not exceedingly high. Fur-

Ther study is required to determine the function of the coolant, since

it is obviously not a simple cooling process associated with the re-

lense of bound water.
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C. Rc sidence Timc Experiments

An effort was made to isclate the important variables which affect

the output of agent disseminated from a pyrotechnic. Initially, the

obvious variables were assumed to be (1) processing techniques such as

for•ning pressure, orifice size, and blending of ingredients and (2)

ballistic parameters such as burning rate, temp2rature of burning, and

pressure of burning'. Another major variable is certain to be chemical

c•mpos3ition.

It was noted in reviewing the data that the output seemed to be

related to the action time (burning time) of the pyrotechnic as well as

to the size. In order to check this observation, three pyrotechnics

were made and burned which contained a nominal 240 grams of CS pyro-

technic mix with different burning su-face areas.

The dwiell time of agent in the flame zone and the char bed of the

pyrotechnic can be equated to a residence time which is characteristic

of the free volume in the canister and the flow rate of the combustion

products. The residence time should be of importance in determining

the extent of thermal pyrolysis undergone by the agent during the dissem-

ination process. The critical nature of the residence time was demon-

strated by measuring the agent output as the residence time was changed

by an order of magnitude. Variations in residence time may be obtained

in several ways:

1. By increasing the buin rate of the pyrotechnic mix.

2. By increasing the pyrotechnic density to better utilize
the overall volume.

3. By increasing the burning surface area to decrease
action time.

4. By increasing the size of the pyrotechnic.

5. By decreasing the free volure .in the pyrotechnic.

6. By using a mixture which produces more gas to increase flow
rate of gases.

7. By increasing the gas temperature (this results in increased
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All of th, approaches for variation of resideonc.e time were c-eviwe:ý.d,

and an e.aerimant w'as outlined to vzry residence time using a constant

fo.'errviation; this el.iminate item 6, which would rquiroe a forn.ulation

Although other methods were investigated, the most succesOful method

of charging the residence time was by changing the free vol=me and the

burning surface area simultaneously. This technique allowed an order

or ma•nritude change in residence time to b. ... aincd.

Using conrentional concepts of residence time in a chemical reactor

the residence ti'e T is givon by

V P

w.here

T = residence time

V = volume of reactor (liters)

Vr = volume flow rate (liters/see)

In order to apply this concept to a pyrotechnic, the simplifying approx-

imations can be made that the combustion products remain at a uniform

temperature after formation inside the device and that the volume of

the ash residue does not seriously alter the flow velocity. In actual

devices the free volume changes during burning; however, for comparative

design purposes it is sufficient to compare the initial, final, or

aver•gc residence times.

A larger pyrotechnic was designed for demonstration of residence

tin, and for studies involving size as a parameter, since physical

limitations of the 5.85 cm diameter wou'cld not allow the internal design

f:liieibility requived. The largo pyrotechnic .co 12.7 cm diameter x

'. am long. Tic 12 .7-cr•-diamter unit wa. instrumented in a fashion

Smir.ar toc that of the . 5c.amtruni t.

W,,a',' 27 c .sh:s on, tent co..igvpeation o.f the largo unit. The

",to t.n, e tle M e cnn ho seen on the sid-. of the pyrotechnic.



FI.7 LAG PYOEHI DEINE

(o)' BEFORE ATESNTW



P.eosor<- measurements were made through the end plate. The pyrotechnic

wo'n Ltdo in several configurations including a solid endhurner and a

pcirforated design. The configuration shown was made by pressing the

NCew standingr rods and then packing them into the unit. An ignition

winr can be seen in the "before test" picture threaded through the rods

of CS pyrotechnic mixture.

A larger receiver was used for collecting the agent and gases from

the very large pyrotechnics (1800-3000 grams). This was found to be

necossary for very short action time pyrotechnics because of the high

rotoe of gas flow. The test arrangement for the 12.7-cm-diameter pyro--

technic is shown in Fig. 28.

Fc:. the size of pyrotechnic device under study, flow rates can be

calculoted from a knowledge of the gases produced. Inside the device

these consist of noncondensable combustion products and CS at the

canbustion temperature. The standard CS formulation was used for these

tests. CS output was collected by the previously described methods.

(hly the very large high-flow-rate units required special attention,

and several tests were made before satisfactory recoveries were made.

Gas volume generated per gram of pyrotechnic was assumed to be

co•stant since temperatures were not far different for any of the tests.

Gas volure was based on measurements made during the material balance

studies in which a value of 0.52 liters of gas/gram of pyrotechnic was

dcetertined. This value was obtained by measuring the total gas output

and by conrecting to a temperature of 6000C.

The free volume was calculated based on a density of 1.5 gWec which

was m•asured at a forming pressure of 10,000 psi. In order to obtain

a finan free volume, the ash was pulverized and the density measured

using heptane as a fluid. Two ash density measurements vere made for

cach rwple with extremely good agreenient between tests. A sample cal-

crliat:on of residence time follows:
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FIG, 28 COLLECTiON APPARATUZ,.
FOR LARGE PYROTECHNIC,,

volume of gas generated (at combustion temperature)
VF burn time of the pyrotechnic

Using data from the first pyrotechnic in Table XII, the volume of gas

generated can be calculated to be 69.4 liters. Using the burning duration

of 179 seconds, the volumetric flow rate is 0.4 liters/sec, giving

an initial residence time of 0.42 seconds. After burning, the free

volume changes to that of the canister less that of the ash. The

final rcsidence time is calculated using the same flow rates but a new

free volume. The volume change is approximately constant for the small-

scale pyrotechnic, and an average final volume is 0.262 liters. Thur,

the final residence time is 0.66 seconds.

It was previously reported that the data were not adequate to correlate

the relationship of residence time with output. The data were reviewed;
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some discrepancies were found and additional data points wer, added.

A lMart scn.res fit was obtained and plotted (Fig. 29). The correlation

coafficient was found to b, equal to -0.896. This value indicates

that the probability of getting a correlation coeffiient as good as

has bWon obtained whcn none exists is less than 0.001. This is consid-

ered to be acceptable evidence that a correlation has been established

betv:zen residence time in the pyrotechnic and yield.

tooo

lo _.i I:--4L ,.. E "T-']L[ TI [ i i I I

60 45 060 r0- -
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Z 30
W

o.20
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AVERAGE RESIDENCE TIME-- sec X 10 T-9022

FIG. 2-9 PLOT OF % YIELI) vs RESIDENCE TIMtE

Because of a difficulty in recovering agent and because of variances

introduced by the different configurations required, it is felt that

more data should be taken. Certainly an improved correlation could be

obtained if a better model of residence time were formulated. However,

the present model does demonstrate the potential importance of residence

tim• in determining the dissemination efficiency of a pyrotechnic design.

D. Rýxper-imental Study of the Combustion Zone

There is considerable information in the open literature on the

et,.•,.,t combnation zone at the surface of honogencous and



,, difcr'eparncies were found and additional data points %,,ere added.

A least squares fit was obtained and plotted (Fig. 29). The correlation

coefficient was found to be equal to -0.896. This value indicates

that the probability of getting a correlation coefficient as good as

has been obtained whennone exists is less than 0.001. This is consid-

ered to be acceptable evidence that a correlation has been established

betvween residence time in the pyrotechnic and yield.
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FIG. 29 PLOT OF % YIELU) vs RESIDENCE TIME

Because of a difficulty in recovering agent and because of variances

introduced by the different configurations required, it is felt that

more data should be taken. Certainly an improved correlation could be

obotained if a better model of residence time were formulated. However,

the present model does demonstrate the potential importance of residence

timc in determining the dissemination efficiency of a pyrotecbnic design.

D. Experimental Study of the Combustion Zone

There is considerable information in the open literature on the

oti:e of the ccehbustion zone at the surface of homnogeneous and



hoteoenc-ous solid rocket prorellanto. Vo~ile the ge.oncral nature of the

ccnhrostion of a solid propellant is well understoc-1, thn discreet mirelo-

blilist.3.c phenomena of heterogeneouvs propeýllants or pyrotechinics have

riot been. completely explained.

In uour work it was decided trn examine) the temiperature profile of

the- combustion zone in an attemYpt to define the therm:al environmen'L.

which the agent tiust survi-ie. Next, the pressuro 3ensitivity of thý ',iiming

r..was examined to ascertain if rocket prope-llanit dessign, concepts

could be used in the study of pyrotechnics. Finally, a stud~y of the

physical and cAelcharacteristics was undertaken to provide data

for the eonbtist '11 modeling study.

1. Thermocouple Measureme:nts

Embedding of thermocouples in the pyrotechnics was done throughout

the program. The thermo-couples were installed through the side of the

pyrotechnic using Conax fittings with a neoprene rubber seal. Couples

were not placed in holes drilled into the pyrotechnic but were pressed

directly into the mix between increme-ntal pressings. Even though the

thertiocouples were positioned horizontally over the pressed incremant,

they sometimes shifted on further pressing, resulIting in a damaged

eccuple. This was not a comm~on occurrence, and continuity and resistance

weecheck,-ed before, each test. At first, glass beads were placed

aroiund the couplea in some tests to protect them fromr the direct com~-

bnsilon environment, but no change in temperature readings was noted.

Since the increased response 'tim3 caused by the presence of the beads

was a disadvantage, this practice was discontinued. The thermocouples

which were used were 0.010-in. -diamcter Chro-mol-Alumcl fro..t L and L

Tlicmo-Erginreering, preacallbrated at three, temperatures: 200, 400, and

GOO C. The thermocouple calibrations are traceable to N1a" otandard's

(Test No. 175190-17). Ont: ordrer of ther'mocouplec sho%7ed calib~ration

ereo7S of only 0.2 0C, while the next order of couples s'howe-!,d calibration

error.- of Z20C at 200, 400, and 600 0C. An ice bath was uscd for: R

re:~~cejuznction. Chrcnini..-Alinnel wire wsuased thi rcuhert the syntero,

xwa) elbael aily usinn, a null potenttorýeter. Gutp-ut of th(e



teo:ts ws recorded continuously on a recording galvanometer (12 ch~'nnc[.

Visicor•der) with approximately 1 in. of deflection/100CC.

During the combustion of a pyrotechnic, a quasi-steady tempt. rature

profile is established: a significant factor is the heat conduction

from the primary combustion zone to the surface which preheats the

pyrotechnic. In examining the temperature profile data, it will be

seen that . is no sharp demrarcntion which defines a narrovw primary

ieactlon ,

Typical temperature and pressure measurements for MLA pyrotechnics

are shovrn in Figs. 30 t-nd 31. The thermoceu : 's are pressed into the

pyrotechnic at evenly spaced inteivals. Althcagh the units were identi-

cal except for orifice size, the effect of this parameter is quite

evident. One pyrotechnic unit operated at ambient pressure had an

action time of 230 seconds while the other unit operated at 2½ atmos-

pheres pressure had an action time of only 125 seconds. This is an
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Ti~zrr~ecouple m a.•ureents vwere also made on CS pyrotcehnics; tro

typ!cv.1 records are shouw in Figa. 32 and 33. in this eas:• attempted

operation at highcr than ambient pressure led to chuffing (Fig. 33).

Chuffing, which can be described as a series of extinctions and reig--

nit.ons, ig usually associated with intermittent heat transfer and thermal.

explozions in the solid phase. Time was not available for the explo2-a-

tion of possible remedial methods for suppressing the pressore surges.

Other formulation.' may not suffer from this problem, especially if the

fuel and oxidizer are homogeneous. A visual interpretation of this

phcoveanoii is that the KC10 3 spontaneously decomposes in layers which

cauýses the alternatcly fuel-rich and oxidizer-rich surfaces to become

exposcd. Although it was impractical to determine the burning rates

under high pressures in the pyrotechnics, the strand bomb measurements

indicated that the burning was smooth in the larger volume of the bomb.

No surges occurred, or if they did occur, they were rasked on the pres--

sure readout by low amplitude due to the large volume of the chamber.
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QtnC~rly .o.o ....ing with a release of energy which hW soufficiont

WcanT i..a •.ty to be detected by the Type 412 Polaroid film. Two

n .... tion, were studied: the firet, Compozition A, compreises 407

,7A, 2C%, KmIOn, 19% N )co , and 11% sulphur; while Compocsition B com-

p:Ises 40.C5 1.A, 29.1% K010 3 , 19.3% sugar, 7.9% IMCO3, and 3.1% En.

Under simller exp,_osure conditions, Composition B appears to have a thicker

reaction zone than Composition A. Our estimate fo:r the relative

thichns are: 4 to 5 mm for B and approximately I mm fop A.

As the reaction zone moves through the pyrotechnic, it leaves behind

a thick char bed which is semi-liquid, i.e., it .ppears to be a solid

bed with boilinZ liquid interspersed through the solid. This liquified

pox•tion appears to follow approimztely 0.5-1 cr. behind the reaction

zone. This would indicate that the efficiency of a pyrotechnic varies

as n function of tive from start to eompletion with the more efficient

opowation in terms of agent vaporization occurring during the latter

stages of the functioning tire.

In several of the previous tests using metal canisters, the thermo-

couplc output becamae erratic because the thermocouples apparently

melted during the last seconds of the run while the unit was operating

at 500 to 600 0 C. As a result, it was decided that flash X-rays should

to tahln to deterzine.whcther the pyrotechnic was burning in an abnorm~al

mi-nner. A 5.85-c--diameter pyrotechnic was tested with theTnmocouples

pressed in place, and a series of 12 consecutive X-rays were taken

during operation. Tiha depth of the pyrotechnic material wan 9.4 cm,

providin, approximtely 120 seconds of burning. The X-rays indicate

that the burning was unifor•n but that heat conduction dcnn the Tetal

wall of the pyrotechnic caused a co:nicol buirig surface, the cone

aMving forno6 after 30 to 60 secondc of burning (see Fig. 34). In the

dMsigE of 1yrge pyrotechnico, th. heat of conduction do•7n the wall moast

bo corsidere., since formation of a coon can continuously increoae the

barsin.-r surface and can cause a prsscure failure.
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Vao, with Cit Fu•. stt"o"--d P>-rctec;bn!er;

A rMCOte: of•M Ull CS pyrotechnic canisters (lxl CS L:L-r) werc

.. f.ro. m M O otarinn for t--ing. T.,.rn units containr-,

* CW MM> it, g'ram: of CS pi:> tonhate mitx. The Wicria wa3 s ann lrsoc

C Muni tO conta.in 3A. Cf. Tic oixturr: vas slurried, rn6 drcied to

o., small graaules of vary5i u; size Mich we-a pressed into ctntiste'5

,,iotih ,atnidc di.onenions of 2. 54 cm diameter x 3.0 cm. long. Two tests

with these units delivered 73 and 78% of the CS which tho. contained.

.o ca• ., material was then• form-d at a pressure of 6400 psi into largay

z canisters. - finished pyrotechnics each coa-

f...... 240 g.a.. . of mixture. It xa•a surprising to find that yields

obts.inod A•coof those units fell between 65.7 and 67.5%, wail below the

vhs-re vahao..

,Thc small units burned out in 10.2 ± 0.8 seconds, and based on

"h., web thc•"ness the calculated burning rate was 0.102 cm/see (0.04

or!.:)-c), or double the rate of previous endburuers which were prepared

wit;.o.t using; a slurry process technique. Revever, when the same

material was pressed at 6400 psi in the service-grenade-size units,

thn burning rate was measured to be only 0.02 in./sec. This is an iMdi-

catic•• tt the burning surface inside the Edgewood Arsenal canisters in.-

aiudes flane front penetration into the interstices of the granules.

Very granular pyrotechnic was XC-a:Zd in a sectioned 1i0 CS LI--B

unit (see Fig. 35). The measured low bulk density of 1.05-!,00; g/cc

i. indicative of the lack of ccrpaction. Teae porous granular gyro-

MOM ceponitionn s pormit very shot action tImes but su.fer fro,

certain disadvantagen. Burning timns and burning pressurse will vary,

dorsc:tn on grsnl-iation density ,,d p...i.p. This is not a serious

p~r.r! with -ti ovnt! units, but in lnarger units the variation in

,.c.o,-tn des•ity, porosity, granulation, and bur.inr surface area. mak

tio .ystur 0f p,.. picking very difficult to use. Lovoely pachke

p.,,W ...d pr.ha.. y b-ahkup in units Which bad u,.Uc-r'g:o: severs;

"04va n " Tis,. problem vould be ampliafied, accordin•ly for units of

.,a•i7 : o. bi.licult-tis v-mould also te enccuntcr.d .. n tho units

.2 ....... .. .- p....¢cr, O.nce tac hot ,""r WsOr.. prons ly

.tl..m ,,.an, c=1UrIn a PS7f'z0'207 .MiU0.



FIG. 35 IXI CS LI-D CRDL PYROTECHNIC W7TH

PYROTECHNIC CHARGE REMVOVED

It is interesting to note that the 34.8c/0 CS loading used by CFJDL

I~s close t~o the optimum loading predicted in our studies. Since the

CRDSL used a diffe.rent pyrotechnic formulation, the. yield data cannot

be directly compared to the data obtained in our residence time studies,

but the short residence tim~es of the CRDL pyrotechnic would be expected

to give high yields.

A test was made to determine if yields could be attained on the

order of the 73-787o measured in the (Ixl CS LI-B) small pyrotechnics

in a service-C.Acnade-size unit with the 3511 CS mixture. A pellet

pzess was used to make 0.375-1n.-thi~ek x 0.750-in.-diamater pellets.

These weere pressed to between 6400-10,000 psi and packed randomly

into the- canister. he2ults ol this test are given in Table X17T.

Although the yield from this test was not as high as that measured frona

tho Ix! C.S LI-B units, it is comparabie. 11 the pelletizing is don--

whiie the slurr'y still contains a controlled armount of solvent, the

recutinZdried p~llet will be hard and duy.-able and the burning tim.3

87



vill be quite accurately predictable. The total burning time of the

pyrotechnic should also be controllable. In the original tests large

mesh screens were fitted inside the outlet orifice to prevent the

pellets from being blown from the canister by aerodynamic forces.

Atrther work with pelletized pyrotechnic materials was planned but not

completed because of the termination of the program.

Table XIII

SUMMY OF DATA FRCH PELLETIZED PYROTECHNIC TEST

Parameters Values

Orifice diameter (in.) 0.375

Net weight of pellets (g) 210.0

Weight of gas (g) 154.0

Weight of residue (g) 54.0

Burning time (sec) 9.0

Peak-to-peak pressure oscillation (psig) 2-30

Temperature (2 embedded thermocouples) 745-745

Burning rate (in./sec.) 0.0153

Weight of CS expelled (g) 51.3

CS in Residue (%) 3.2

CS expelled (%) 70.0

Total CS accounted for (%) 73.2

E. Computer Studies

The importance of a computer program designed to evaluate py:otechnic

ingredients has been realized by other investigators in the field of

dissemination. Programs have been developed for use on flares, beat-

producing pyrotechnics, explosives, and rocket;propellants. These

prog.rma have been succissfully used to optim'tze 2ormulations and to

evaluate new additives for their effect on perfw=,mco. No suitable

program,% are available :lor dissemination stidies becauze true eqnili-,

•'r, conditi•aas do not exist in a disseminatiug device.
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Wonti ~tuwynr:abch crortio ban Pofora ~'~c Wnny~ o' ;

" "I"r 'e " ....on.. .......d... \ b r ovd on. an a :s'u - Oa Step ,•rc• • .:

corutice. cT tho p:rotechnic fcllozed by evaporation of the af;C:et to

proyi~n an acron. IHcrrver, the preolictedi tomporaturoxe and e::haust

products did not cos peed very wall to the available expnrimcntal

dat-.•. To ir7r•eroe thi analysis, account .... h3 taken ot the s7gllicunt

portion o. agent .. is dtroye du Win[ the dohlaa-ra.tion of a. pyro-

technic, and whicb therefure must contribtte to the total heat releas.-

In an attempt to do this, our computer priigram was designed to treau

a specified amount of agent as a part of :he fuel. Since the ccmpute;-

py'ogranm is necessarily based on equilibrium reactions, the amount oT

.. and. other mat.erials which react, as opposed to those which marely

.... v: as diluents, must be determined. in an attempt; to duplicato

ta analytical resul ts several colculatLons were nioroniid.

A com•uter format which treated 10.9% CS out of the original 40.61,'

ans ful was used to duplicate a typicr1 test. The reaction tempcrature

was fULed at 8500 C and the pressure a t one atmosphere. Table XIV lists

significant computed equilniub_ . decrmpo,',i.tion products expresse•d in

mores0O10 9 of reactants. The calctlation was repeated allowing t!(<

reaction (flame) temperature to seenz its own desired equilibrium value.

The calculated temperature was 709"C with a A = -12.58 heal//O0 g of

mOw. This heat difforence was thon equated to the heat of vaporization.

of ths fraction of the CA which Tas convcted to aerosol. A C of 0.255

Cal/was .as sU.ed lor CS with a heat of vaporization of 136 cal/g.

Tie CS ar•n. vapor eqailibrium temperature calculated using the ahove

61 w-s then 4000 C (assuming no heat losses). Thi measured orifice

tcm.rtu yn. for a U.rage CS pywotechnic with minim.al heat losges, w:s

MOCO in ge agzcee-ment with the calculated~ value.

1 i1cM ote TractJOns in 'with .. . di not aQcn .wit experimental

. , u:lnas., no .... ,a.. 'iccv, prcsdictcd and the kaolin passed thsnsgie

toe Pyrotach..,i mnchashnn:od Accordingly, the molo fractions rere mod.-

MCIi to give th- ."e I-t shown in Table Xv. This table com<pares the

IP. co.za. ' .u.ltc rC7. the compeuter to thole o.ta.. "" !

.-. n .ic;:n too On'. it marrt cc hop. ~~in" MRUs.'



tho y•l"• of CS Wao fixed before the calculation was. . i d MAO and that thr''

pp.os of the calculnuion was to coxrpe solid and ga.. cs fractions

and t4c behavior of the other constituents with measured results.

Unfortunately, the ccmputer program does not predict the carbon-containing

ccompounds which were found exparimontally, other than those of oxidized

spocies. The effective use of the computer to predict equilibrium

conditions is therefore limited by the available data on the products

being generated.

Table XIV

C0MPiPTEJI-PxlDICTLD DECOM. PCP. I 'II ON PRODUCTS

Gas composition after
Gus evolution from. removal of water and

Component pyrotechnic (Moles/.O0 g) HCI (wt,%)

X1-2
C7, 5.5 x 10 2.2

CO 7.5 x 10-1 30.3
-1

C00. 6.4 r 10 25.9

1.I x 10-2

0i`2C12 1.1 x 10 1.4

tj 5 ,11  2.8 x 10 0.6

, x 10 32.5

1:0 3.4 x 10'
7.9 x 10- 3.2

SiO 9.5 x 10- 3.9

Production of Solid HeOidMe

A12 A3  6.73 x 10 21.2

13.10 71.2

C 2.C x 10' 7.6
S..0D. 0



Table XV

CoI-IARS01N Or EYPEP,•I•fITAL AKD CO,.UTED PYRO.TECHlC OUTPUT

Re2 idue Composition.

CS 25 25

KCI 35 44

KC103 11 0

C 5 4.6

AI 2 0e • 2St0 24 25.6

100 100.0

Gan' Composilion

Il' 0 21.6 6.05

S0.02 1.64

K 0.2 2.21

CO 10.2 21.03

cO2 21.8 2&.35

CK~l 0.3 0

M02 0.6 0

% 0.07 0

ElI 3.20 2.42

02 3S.00 37.3

17 0 0.95

100.00

y.,. Dnyrr.d........ fractionWas0. Ad te c ,,la.t.. Ond



Toc porlorm a iearonable calculation, our2 appronch asrtumon th~.t the

awaOFn't O:V agent destroyed is know.'n, and furt her, from e-..riN.ntal.

r.nlts, that the agent destroyed is cidizc.d in an equilibrium m.,nn.r.

It io known that this s,cond condition does not exist; in the ease of

CS, the agent actually in partially fragmented into cyanogen, chMoro-

t.nzenc, and other components, and a portion is converted to a hydro-

carbon char as shown by analysis of the ash.

An analysis was run on the pyrotechnic ash to determine if the

ra&Oin was converted to the chlorosilanes and A12O.. The ash of a

p'•rotechnic was washed with water to remove KC_ and the ash fired at

8500C to drive off volatiles. Kaolin was found to survive the com--

bustion without change except for loss of water. No silanes were

formed as would be suspected. Since the silanes did not form there

was a shift toward the generation of hydrochloric acid. Generation

of hydrochloric acid has been verified in concentrations which are far

greater than liose predicted by the computer program.

Since the comyter program requires an input of the amount of

agent burned, its greatest value lies in the prediction of possible

unknown equilibrixm compounds. Hiowever, it is possible to use the

computer to predict output as a fornetion of agent burned. After one

or two points on the generated curve had been verified, the curve

co•ld he used with some credence. Further work is required to develop

aprog;:an which would be truly useful., A sum-ary cf the thermal data.

which was us., in the program is included in fable XV1.

'fl-s
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p '' ,j ti mr Chlorzte, KCIO3  -93 .50

Nl. tr:ocýA lii osc -170.2

CS +60.0

Scz"Au-, bicarbon~ate, Nah"G,3 -226. 5

sul½our . . 0.0

P'lysical Propo'rtics

p =1.041 g/cc

1cg, i- ' = P + 118(-) It),, T t4.644

C'S (soltd) spý-C~iflc Fic't = .2155cI/i

E..t. of varjor zatio-. 251,600 cc~il/m&'



Preceding Page Blank

V CONCLUSIONS

An initial literature survey showed that many important phenomena

had never been investigated in previous studien on pyrotechnics and

model compounds, including the temperature profile through the combustion

wave, the effects of operation at pressures other than ambient, and the

effects of both chemical formulation and physical processing parameters

on the output efficiency of pyrotechnics.

The principal experiments which were performed during the current

investigation included adiabatic self-heating (ASH) measurements,

differential thermal analysis (DTA) measurements, bnrning rate measure-

ments as a function of pressure, temperature profile measurements in the

combustion zone, and agent yield measurements utilizing a total recovery

technique. A concurrent effort was made to develop a useful computer

program which could predict the effects of formulation changes.

The AEH experiments defined the activation energy of a typical

pyrotechnic and ol binary mixtures of its ingrmdients3 and showed that a

burnlng-rate derived activation energy is necessarily unreliable because

of its dependence on the physical process of heat transfer. The DTA

measurements defined the endotherms and exotherms to 'be expected as a

function of temperature and were demonstrated co be s& useful tool for

screening out experimental mixes which have an exotherm at a dangerously

1cw temperature. Burning rate studies indicated thnt pyrotechnics have

a burning rate law ihich resembles that of solid propellants. The

relationship obtained is not heavily dependent upai forming pressure,

but at forming pressures beleie 2000 psi the burning rates under pressure

were no loager reproducible or controllable. The, data obtained provides

a method for the design of pyrotechnics to operate at any chosen pressure.

Temperature profile measurements; indimateu that there is a signifi-

cant preheat zone ahead of the combustion vave and that the -char bed

remaining ,%fter passage of the wave can sigtificantly influence agent

decomposition. Thermal conexuctivities of viarious pyrotechnic ingredients
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tivevo !een dateimined and vapor pressure taeasuremontts have been made for

In order to obtain an accurate measurement of agent yield a total

•ashdn eof the chamber with subseauent recovery of all agent was

employed. In addition to supplying a reliable sample this technique

lcads to safer operation since if all the agent is recovered, it may ba

poperly decontaminated and disposed of instead of being collected on

filters or being dumped into the atmosphere.

M!A is commonly used as a simulant for real agents such as CS because

oY its convenience and safety. For this reason MAA was extensively

employed during the current investigation. It was found that although

MAA pyrotechnics are useful for testing equipment for later use with

agent-containing pyrotechnics they are of limited value for drawing any

real conclusions concerning the use of agents in pyrotechnics unless the

agents are of a similar chemical nature to MAA. Preliminary results

show that the pyrotechnic formulation must ue carefully tailored to match

the acidic or basic nature of the agent if effective dissemination is to

be achieved.

A complete material balance on the MA pyrotechnic was only partiall7

successful because of the complexity of, and theamount of ash remaining

after firing. In addition, the size, action time, and pressure are all

variables which are very significant contributors to the amounts of ash

and its composition. The normal yield obtained was approximately seventy-

2 iwo percent. Many of the combustion products have been determined and

an approximate evaluation of the ash constituents has been made.

T'Pe search for a suitable burning rate catalyst for these pyre-

tectonic compositions was unsuccessful. A method of slightly increasing

the burning rate was found through the addition of 5% of aluminum

vxe.le;. The gain is not considered to be worthwhile since the ieedles

. l.• unt and do not react--their burning rate contribution is

• .- ,#2y a noethod of increasing heat flow ahead of the combustion zone.

;n correlatiwi has been made of dissemination e.•iciency as a function

..5 . '!•• en n time in the pyrotechnic. This relationship indicates



that pyrotechnics should be designed to function as rapidly as possible,

as one would expect. Since we were unsuccessful in increesing the

burning rates by catalyst addition, it appears that the only way to

decrease action time is by increasing burning surface area. If this

technique is carried to the ultimate, a simple loose powder is the

resi'lt. However, burning rates of loose powders are uncontrollable and

much of the pyrotechnic mix is carried through the orifice to burn out-

side the pyrotechnic. Thus, it is necessary to reach some compromise

between degree of subdivision or poro3ity and burning times.

Pyrotechnics of up to 3000 grams were made and tested. There were

no signs of a runaway reaction and it would appear that there is no limit

to the size of a pyrotechnic which can be built to function satisfactorily

if the design prevents severe buildup of heat ahead of the combustion

zone. The larger the unit tested, the more effective it appeared. In

terms of loading density (grams of agent disseminated/cc of pyrotechnic)

zhe larger the pyrotechnic, the more effective it is. The action time

of large pyrotechnics is controllable over a wide range. If a pelletized

pyrotechnic mixture is used and the pellets are simply packed, thc

burning time will be a constant regardless of the size of the pyrotechnic

provided ignition is complete.

A series of tests with various kaolin-type clays indicated that the

role of the clay is not simply as a coolant since calcined kaolin worked

as well as mil spec kaolin, while 'WCO3, CaCO3 , and NaHCO3 seriously

degraded the agent output with NaBCO3 having the lowest yield of all.

The temperature measurements indicate that NaHCO3 produced a signifi-

cantly higher flame temperature than other coolants. This is probably

due to interaccionis of by-products of NaHCO3 with agent and agent by-

products.

Areas which are worthy of more research include physical and

chnomical methods of burning rate stimulation, The chances of finding a

chemical technique of multiplying the burning rate by at least an order

of magnitude are quite small because of the low temperatures involved

nd the restrictions imposed on possble reactions because of the

e of agern• A cast system instead of a pressed pyrotechnic
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v•m'f:m mould be OXpected to be more adaptable to burniir rate Z•.taiys

>,3 5-sent technology It appears that the raost prom!ising avonu• tD
x, npid pyrotechnic disseminatica is through dcr!gn oditio -as

eA-to lo-•oim/Iation modification.
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GMSARY

A frequency factor 'n Arrhenius representation of kinetics

burning surface area of pyrotechnic

A t orifice of nozzle throat area

C coeffi'.ient ol burning rate law, r = cpn

c* characteristic velocity of orifice or nozzle efflux

D volume-to-surface area mean particle diameter

Ea activation energy

g acceleration of gravity

k chemical reaction rate; specific heat ratio

R chemical conductivity

M slope of activation energy plot

n
n expec-nt of burning rate law, r = cp

p pres'ure

r burning rate

R a"n constant

T temperature

Ta ambient temperature deep in the pyrotechanic

T flame temperature

V volune; voltage

weigbt flow rate

),at of chemical formation
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APPEEDIX

R;ESULTS OF DTA MEASUREM~ENTS ON PYROTECI{NIPS
AND THEIR INGREDIENTS
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